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ABSTRACT
As a consequence of seasonal eutrophication and human input, a vast hypoxic area termed
The Dead Zone develops every year in the Gulf of Mexico (GOM) during summer along the
Louisiana coastline characterized by vertical seawater density-stratification with oxygen
concentrations less than 2 mg.l-1 at the seafloor. It poses a threat to bottom-dwelling faunae and
their environment which has negative ecological and economic consequences. This project aims
to mitigate hypoxia by employing mechanical impellers placed at strategic water depths and
locations in the Gulf. Enhanced transport of oxygen results by mixing oxygen-enriched seawater
at the surface, downward into the deeper oxygen-depleted water below.
This concept is supported and verified by laboratory experiments involving the mixing of
targeted water layers below the water surface using a lab-scale impeller in a standard fish tank
containing simulated density-stratified water. The vertical position of the impeller is determined
by the Constant Flux Chemical Transport Model, which is derived from the classical advectiondiffusion model, a well-established science and chemical-engineering-based approach. It is based
on the presence of several horizontal density stratified layers positioned vertically throughout the
water column. It is a modification of the traditional eutrophication-type mathematical model for
use in the GOM shelf and when combined with the field-measured oxygen profiles, it can be
used to identify specific “choke points” contributing to the resistance of vertical oxygen
transport. The fish tank propeller mixing experiments resulted in the disruption of the density
stratification, thereby enhancing vertical oxygen transport throughout the water column. On
average, layer mixing for 30 minutes at an impeller rotation of 70 rpm resulted in stratification
destruction and uniform oxygen concentration profile at the propeller position in the column.
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The constant flux model is a theoretical and mathematical approach proving useful in developing
the solution to hypoxia by identifying mixing propeller vertical placement depth for destroying
oxygen choke points. Though limited in number, field-size studies in lakes suggest that propeller
with low power units can effectively move oxygenated surface water downward.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW
1.1. Introduction. The Oxygen Problem in the Gulf of Mexico.
Hypoxia is a term adopted from the medical community as the deficiency in the amount of
oxygen reaching the tissues, which in the ecological context means the lack of adequate amount
of oxygen in water bodies like oceans. It is the consequence of natural seasonal eutrophication or
human input or in most cases, the combination of both and is characterized by boom-and-bust
cycles of DO levels, where there is a fatal threat to benthic fauna when it falls below 0.5 ml of
oxygen per liter of water. In many cases however, hypoxia is correlated with a morphology that
restricts water exchange when combined with water stratification. The interaction between
increased nutrients (eutrophication) and stratification where they take place exacerbate and
accelerate hypoxia. Dead zones have developed over the past 50 years in water bodies such as
the Black sea, Baltic sea, Kattegat and Gulf of Mexico among others (Diaz & Rosenberg, 2008).
The hypoxic zone in the Gulf of Mexico has been dubbed as The Dead Zone and is the
second largest in the world with its area being measured annually since 1985 and its size ranging
from a 1988 minimum of less than 100 km2 to 22,728 km2 measured in 2017, which is larger
than the state of New Jersey. It has been a focus in terms of science and policies due to its
potential environmental and economic impacts - the ecological integrity of the Gulf is in danger
and its sustainable development is uncertain (Yáñez-Arancibia & Day, 2004).
Hypoxia occurs during late spring and summer where the rate of consumption of oxygen
surpasses the rate of its atmospheric input from physical transport along with photosynthetic
generation. Nutrients from the Mississippi basin are carried to the Gulf where they fertilize the
waterbed to produce excessive blooms of algae, whose decomposition in the lower layers leads
to the detriment of oxygen resulting in negative impacts such as damage to necessary habitat for
many bottom-dwelling fauna, reduced growth, decreased biodiversity, reduced food resources
1

among many others. Besides that, during summer, the fresh water issued by the rivers into the
Gulf renders the water in the Gulf to be density stratified. Both the aforementioned effects
combined preclude the replenishment of oxygen in the bottom layers, and give rise to hypoxia, or
at its most severe, anoxia, which is characterized by the absence of oxygen. Due to rapid human
population growth and global warming, along with overfishing, hypoxia is likely to worsen in
coming years (Thronson & Quigg, 2008). Indirect or sublethal effects of hypoxia include impacts
on fish distribution, behavior, feeding rate, competition, and vulnerability to predators
(Breitburg, 2002; Sklar & Browder, 1998; Wannamaker & Rice, 2000).
90% of the freshwater inflow originates from the watersheds of the Mississippi, Ohio and
the Missouri rivers. Water density stratification along the length and width of the shallow (3 to
20 m / 10 to 65 ft.) northern shore restricts oxygen movement downward to the seabed.
The purpose of this research is to develop an engineering-science based solution for
enhancing the movement of the oxygen (transport, a well-known chemical engineering process)
enriched seawater present at high concentration on the surface, downward into the deeper oxygen
depleted dead-zone. Understanding the chemodynamics of oxygen transport in the vertical
downward direction so as to investigate likely engineered technologies that may be used to
ventilate the Benthic Boundary Layer (BBL) is the objective of this project.
Developing a cost-effective and sustainable method to remediate hypoxia/anoxia in the
benthic layers of GOM is greatly important. Current proposed methods that could mitigate this
problem include injecting either air (aeration) (Henares et al., 2015), or oxygen gas
(oxygenation) (Bierlein et al., 2017) sometimes using oxygen- supersaturated water (Forth et al.,
2015) into the hypoxic region. These methods are restricted by high cost and efficiency at large
scale despite being reported to be effective.
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The most effective and economical way, aside from the abovementioned is to instigate
mechanical mixing through the installation of mechanical impellers. This engineering solution, if
effective cost-wise, aims to mix the oxygen rich upper layers on the surface downward to the
anoxic layers in the bottom layers near the seabed. It combines the well-known 20th century
propeller mixing re-aeration process (Gellman & Blosser, 1971) widely used for wastewater
treatment, with 21st century emerging alternative power energy technologies. The latter include
water current (Oller et al., 2016) wind, solar, wave, etc. Such technologies can provide the power
necessary to drive a number of individual mixing propellers so grouped and positioned together
in an area of sea bottom to target a particular section of the Dead Zone. Previous in-situ
oxygenation used gas-phase addition (aka bubble diffusers) at depth but were judged to be
inadequate engineering solutions (Conley et al., 2009; Gupta et al., 1996).
1.2. Literature Review.
Most of the literature provide two different classes of information: 1) studies that focus on
the biophysical processes and mechanisms that facilitate the formation of hypoxia and 2) studies
that aim to combine the socio-economic and the bio-physical aspects of mechanisms of the
water-quality. We are interested in the first category of the literature as (a) there is not enough
field data, models or information regarding the biogeochemical process that contribute to the
formation and maintenance of hypoxia, especially near the Louisiana shelf of the Gulf of Mexico
and (b) there is inadequate data that deals with engineering-science based approaches to
potentially mitigate and reduce hypoxia. Of the literature reviewed below, many are models
formulated by rather simple parametrizations and propose to eliminate hypoxia by reducing the
nutrient loads to the Mississippi river basin which is very difficult to execute because of the
magnitude and size of the agricultural, social, political operation involved. This involves cutting
3

out the usage of nitrogen and phosphorous laden fertilizers which, even if carried out, would not
guarantee the mitigation of hypoxia, at least to the extent of reaerating the Gulf in the time period
to make any significant ecological impact. However, the literature provided below do contribute
significantly to determining the physical processes that occur in the stratified shelf waters and
provide crucial information regarding the plume behavior, which is required to hypothesize the
thesis.
1.2.1. History of the Occurrence of Hypoxia
Before reviewing, it is worth learning about past records of hypoxia, to gather information
about when it became a large-scale earth problem impacting the economy and the environments.
Then, the current efforts to combat hypoxia are summarized. In their review, Gupta et al., (1996),
provide a historical record of shelf hypoxia during the past two centuries that explains the
seasonal depletion of oxygen in the continental shelf-waters of Louisiana, and found indication
of an overall increase in oxygen stress (in intensity of duration), especially in the past 100 years
which implies a gradual growth in the influence of river-borne nutrients.
Reports of Hypoxic events have been going on from mid 1960’s, although prior to 1970, only
scattered reports of hypoxic zones in Europe and North America existed in literature (Rabalais et
al., 2010). Hypoxia had begun being monitored from 1985, but the general consensus is that
there is sufficient data that points to evidences of hypoxia being present since the mid 1970s. A
June 1999 report from The National Academy of Sciences' Council for Agricultural Science and
Technology, Gulf of Mexico Hypoxia: Land and Sea Interactions, states that hypoxic zones "are
now one of the most widespread, accelerating, human-induced deleterious impacts in the world's
marine environments." By 1995, over 195 cases of hypoxia worldwide, which increased to just
over 400 zones in 2008 (R. J. Diaz & Rosenberg, 2008).
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From the spatial range hindcasts of hypoxia in the GOM, (Scavia, Justic, & Bierman, 2004)
inferred that large hypoxic areas probably did not occur before the mid-1970’s, that their area
increased to a maximum in the 1980s, and then varied between the mid 1980s and 2000s.
The sediment records of the Mississippi river were used to find paleoindicators that could
estimate the long-term transitions concerning eutrophication and oxygen conditions below the
plume as there were no relevant data prior to 1972 and no surveys before 1985. Some of this
evidence suggests that hypoxia may have existed to some extent before 1940-1950 time period
but has exacerbated since then (Nancy N. Rabalais, Turner, & Wiseman, 2002). (Chen, Bianchi,
McKee, & Bland, 2001) have further substantiated the trend of hypoxia – which began at some
level at the turn of the 20th century with a major increase after the 1950s.
In the Baltic Sea, hypoxic areas have increased from 5000 to 60,000 km2 in the last century
(Carstensen, Andersen, Gustafsson, & Conley, 2014). Even though the coastal Hypoxia in the
northern Gulf of Mexico has been mapped only since 1985, the history of hypoxia over the
decadal and century scales are relatively unclear and remain poorly resolved. There are,
however, data that document the presence of Hypoxia since the early 1970’s (Rabalais, 1992;
Rabalais et al., 1999; Rabalais et al., 2002) in the form of surveys that despite being site-specific
showed that hypoxia occurred in many locations 5-30 meters deep in the spring to fall, with most
occurrences during summer ( Rabalais et al., 2002). In 1975-1976, Louisiana shelf wide surveys
and surveys between Mobile Bay and Atchafalaya Bay (Ragan et al., 1978; R. Turner & Allen,
1982), found hypoxic areas that were less extensive than those mapped since 1985; however, the
(Turner & Allen, 1982) study area was smaller than the present-day grid.
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1.2.2. The Characteristics, Size and Composition of the GoM Dead Zone

Figure 1.1. Grid of stations visited during the annual shelf wide cruise.
Source: Rabalais (LUMCON) & Turner (LSU), gulfhypoxia.net

To map the extent of hypoxia and the physical, chemical and biological parameters related to
it, a shelf wide cruise is taken every summer, typically during mid to late July annually since
1985 (except for 1989 and 2016), sometimes as late as early August. As shown in Figure 1.1, a
grid of measuring stations was set up in 1985, which has since then expanded as the size of
hypoxia increased. Figure 1.2 is a chart that shows the area of hypoxia in the Gulf of Mexico
measured every year in square kilometers and square miles since 1985 and its variation over the
years. The size in late July is used as a standard to reach the federal state agreed upon ecological
limit of 5000 km2. Every measurement electronically records parameters like depth, temperature,
salinity, dissolved oxygen, turbidity, percentage of photosynthetically available radiation and
phytoplankton biomass. The estimated size of hypoxia is often less than the actual size, due to
time and area constraints.
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Figure 1.2. Annual Measurements of Area of Hypoxia in the Gulf of Mexico
Data Source: Nancy N. Rabalais, LUMCON and R. Eugene Turner, LSU

Averages:
5-Year Average: 15,520
32-Year Average:
Mississippi River Nutrient/Hypoxia Task Force environmental goal: 5,000 km2
The extent of hypoxia typically depends on river discharge, nutrient loads during spring,
weather conditions and oceanographic currents (Turner et al., 2008). The distribution and
dynamics of hypoxia are heavily influenced by the dynamics of the Mississippi River watershed
during spring and summer. Even though the area seems to be varying arbitrarily, there are strong
statistical correlations among nitrate flux, primary production, and hypoxia between the
Mississippi River and transect C off Terrebonne Bay (Justic et al., 1997; Justić et al., 1993;
Lohrenz et al., 1997) as well as between Atchafalaya River discharge and hypoxia on the
southwestern Louisiana Shelf (Pokryfki & Randall, 1987). Variations in the size of hypoxia are
attributed to fewer nutrients reaching the Gulf of Mexico, occurrence of tropical storms or
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hurricanes during summer, oceanographic currents responding to long-term weather patterns, and
wind-induced cross-shelf advection (Rabalais et al., 1991).
The five-year average of hypoxia from 2014 to 2019 is 15,520 km2 (5,995 mile2). This is
about the same value as the overall average for 32 years, which is calculated to be 14,042
km2 (5,424 mile2). This is drastically higher than the environmental goal set by Mississippi River
Nutrient and Hypoxia Task Force, which is 5000 km 2 (1,900 mile2).
The temporal variation in hypoxia is attributed to the general pattern of low-frequency shelf
circulation, peak summer insolation, infrequent atmospheric frontal systems in summer, weak
tides, peak spring river discharge and nutrient loading, including the abovementioned factors
influencing the spatial distribution (Bianchi et al., 2010).
1.2.3. Impacts of Low Dissolved Oxygen on Benthic Faunae and Economics.
The natural resources of Gulf of Mexico are important to the economy of the coastal border
states of the US and Mexico (Adams et al., 2004; Schenk-Gardner, 1985). The northern Gulf of
Mexico supports large yields of fish and shellfish for commercial and recreational fishers
(Gunter, 1963). The commercial landings in the Gulf of Mexico are economically important,
producing about 20% of the US dollar value (Chesney et al., 2000). Because of the social,
political, economic and scientific importance of this region and because of resource exploitation,
the protection and conservation of these waters and coastal critical habitats should be an
international priority (Yáñez-Arancibia & Day, 2004).
Hypoxia can negatively affect benthic community and food web dynamics in the Gulf of
Mexico by changing predator-prey relationships and result in major alterations in trophic
pathways and energy flow (Baird et al., 2004; Breitburg et al., 1997; Turner et al., 2003). While
most cases of hypoxia negatively affect bottom-dwelling faunae, there are also studies that show
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some beneficial effects, at least in the short term (Breitburg et al., 2009; Breitburg et al.,
2009).Typically tolerant species to hypoxia are the first to return in great abundance following
the return of normoxic conditions at the seabed, although the effects of hypoxia on benthic
community structure has been shown to linger for years (Gray et al., 2002; Harper et al., 1991;
Josefson & Widbom, 1988; Van Colen et al., 2010). While fishes initially benefit from
eutrophication (D. Breitburg, 2002; Diaz, 2001; Nixon, 1988) at a point in time, the habitat
losses begin to outdo these benefits. Habitat compression due to hypoxic bottom water may also
have implications for trophic transfer by increasing or decreasing the contact between predators
and prey (Pierson et al., 2009)
Quantifying the effects of hypoxia on fish populations, whether large or small, is critical for
effective management of coastal ecosystems and for cost-effective and efficient design of
remediation actions (Rose et al., 2009). However, the magnitude of the effect of hypoxia on
commercial and recreational fisheries in the northern GOM is unclear (Chesney & Baltz, 2001;
Downing et al., 1999; Zimmerman & Nance, 2001). More than 383 million fish were killed from
1951 to 2006 in Texas, a hotspot for fish mortalities, most of which occurred during the warmest
months, especially in August whose leading cause was found to be low dissolved oxygen (DO)
concentrations caused by both physical and biological factors, including hypoxia (Thronson &
Quigg, 2008). In Corpus Christi Bay, benthic biomass decreased 12-fold, and abundance and
diversity decreased 5-fold under hypoxic conditions (Ritter & Montagna, 1999).
Briggs et al., (2017) attempted to address some of these questions. After sampling the
Louisiana shelf in August 2010, they found that at the site that experienced the lowest average
BWDO concentration, macrobenthos assemblage exhibited the lowest diversity while
megabenthos assemblage exhibited the highest diversity, whose lack of correlation suggested
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that the assemblages are structured by different demographic responses to oxygen (K. B. Briggs
et al., 2017). There is also evidence that hypoxia can break the diel vertical migration behavior
pattern of plankton-feeding fish in Chesapeake Bay during summer which in turn reduces spatial
overlap with prey, which appear to use the hypoxic zone as a refuge (Ludsin et al., 2009).
Hypoxia can change access to refuge from predators, prey, or optimum thermal habitat, owing to
reduced DO availability, and can influence the production of locally residing species positively
or negatively depending on the species (Breitburg et al., 1997; Breitburg et al., 2001). This
occurs by changing the predation mortality, feeding rates, metabolic rates and fertility (Aku &
Tonn, 1997; Breitburg, 2002; Breitburg et al., 2003; Klumb et al., 2004; Marcus et al., 2004;
Taylor & Miller, 2001). Previous work shows that the collective effects of annually recurring
hypoxia have a major influence over ecological succession of the macrobenthos community on
the Louisiana shelf that may surpass the effects of short-term hypoxic episodes (Briggs et al.,
2015 (a); 2015(b)) whereas the reverse may be the case for megabenthos. Hypoxia is also the
driving factor affecting the function of soft bottom macrobenthos in the Mississippi Bight
(Rakocinski & Menke, 2016). Sensitive fish species have been periodically removed in many
places (Wu, 2002). While the direct impacts of hypoxia like reduced biomass and abundance are
clear, the indirect effects like increased predation on infauna or increased competition for food
may have a greater impact (Eby et al., 2005; Montagna & Froeschke, 2009).
There is compelling evidence that the delivery of nutrients can have substantial negative
impacts on valuable ecosystem services, including reduced benthic abundance and biomass,
physical inactivity and death (Dauer et al., 1992). Hypoxia, which is primarily caused by nutrient
over enrichment can cause organisms to experience a range of behavioral and physiological
impacts including reductions in their fitness or reproductive capacity, increased mortality from
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predation, low oxygen, and often toxic hydrogen sulfide in anoxic bottom waters. Mobile
organisms (such as fish, shrimp and crabs) move from hypoxic zones as oxygen concentrations
decrease. However, blue crabs in crab traps and other sessile fauna die (Rabotyagov et al., 2014).
During hypoxia, the benthic community is usually dominated by organisms with low biomass
and a short lifespan (Gaston, 1985; Harper et al., 1981; Niermann et al., 1990; Rabalais et al.,
2002). In many marine systems, BWDO (Bottom Water Dissolved Oxygen) drove macrofauna
communities, with highest abundance and biomass, as well as variability, at the sites with
intermediate oxygen concentration (Norkko et al., 2019) Low DO can break typical movement
patterns and habitat use in mobile benthic organisms (Kolar & Rahel, 1993; Wannamaker &
Rice, 2000; Bell & Eggleston, 2005; Keister et al., 2000; Roman et al., 1993).
Also, a long-term trend of decreasing levels of dissolved oxygen and increasing temperatures
has been documented from 1982 to 2002 (Applebaum et al., 2005). Dissolved oxygen saturation
decreases with increasing temperature exacerbating hypoxia disturbance. Mortality of benthic
infauna from prolonged low DO concentrations could potentially change the benthic community
structure and thus affect the diets of organisms in the upper trophic levels (Baustian et al., 2009).
Oil and gas platforms provide high-relief habitat in the GOM’s hypoxic zone as occupation
of bottom water by fishes was consistent at shoal platforms even though fishes were rarely
observed in the bottom 3 m and congregated in the water immediately above the hypoxic layer
when hypoxia was present at seaward platforms. Nevertheless, patterns of fish abundances were
not driven by the presence or absence of hypoxia. The vertical dimension of platform is unique
and key aspect of their ecological value, especially in the hypoxic zone, and should be
considered for artificial reef management. (Reeves et al., 2017).
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1.2.4. Other Modeling Studies.
Previous empirical and simplistic mechanical modeling studies (Greene et al., 2009; Liu &
Scavia, 2010; Turner et al., 2008) have suggested that Gulf Hypoxia has become more severe
over time, independent of spring nutrient loads. The model presented by Obenour et al., (2015)
does not indicate any long-term change in the system’s susceptibility to hypoxia over the 27year study period. However, if summer conditions consistently modify oxygen demands in a
particular direction (positively or negatively), then some of the parameter estimates obtained in
the model may be biased. In addition, this study assumes that benthic oxygen demand increases
linearly with water-column DO. While this may be approximately correct (Rowe, 2001; Lehrter,
et al., 2012), it is possible that benthic oxygen demand saturates at water-column DO levels
above 4 mg/L (Hetland & DiMarco, 2008), such that modeled benthic oxygen demand may be
overrepresented in years of high water-column DO.
In an article by Van Meter et al. (2018) it is shown that it would take decades to meet target
N loads due to legacy N within the Mississippi basin even if agricultural use of N became 100%
efficient.
The surrogates for oxygen conditions indicate an overall increase in continental shelf oxygen
stress in the last 100 years that seems especially severe since the 1950’s. Human activity has also
played a significant role in altering the natural functioning of the Mississippi river system. These
changes have occurred well before the 1950’s. Significant alterations in the landscape like
deforestation, conversion of wetlands into cropland etc., removed most of the buffer for
removing nutrients from the runoff into the Mississippi tributaries and the main stem. There was
also a dramatic increase in nitrogen input into the MS river drainage system primarily from
fertilizer application, between the 1950s and the 1980s (Goolsby et al., 1999). These alterations
led to the drastic increase in the nitrate concentrations which worsened Hypoxia.
12

In a review of 47 known anthropogenic hypoxic zones where benthic community effects
were documented, Diaz & Rosenberg, (1995) noted the magnitude of change in the dissolved
oxygen, pointing out that no other variable in estuarine and coastal marine ecosystems has
changed as much as DO in an extremely short period of time.
Turner et al., (2008) analyzed a data set of over 20 years off the Louisiana-Texas coast to
show what causes variation in the size of the hypoxic zone in the summer. Their results back the
conclusion that the potential size of the hypoxic zone for a given nitrogen load has increased as a
result of higher nutrient loading from the Mississippi watershed from 1980 to 2000.
According to a Rabalais et al., (2007) study, the notion that hypoxia is a natural feature of
the coastal ecosystem in the northern Gulf of Mexico influenced by the discharge of the
Mississippi River system was not supported by paleoindicators in accumulated sediments. They
posit that there is a tendency for the ecosystem to develop hypoxia because of the high discharge
of the Mississippi River and physical dynamics on the continental shelf that support
stratification. From their study, it appears that the temporal shifts in the GOM ecosystem align
well with the timeline of similarly eutrophied coastal waters globally.
Oxygen nanobubbles (Ebina et al., 2013; Peng et al., 2015) slowly diffuse oxygen into the
surrounding water phase and is one method to combat hypoxia/anoxia. Zhang et al., (2018)
investigated oxygen nanobubble natural particles for mitigating hypoxia at the sediment water
interface in a stimulated water experiment where an oxygen-locking surface layer was formed in
a column experiment whose synergy of diffusion of oxygen nanobubbles and retention of oxygen
contributed to the increase of DO and reversal of hypoxic conditions. While this lab scale
column experiment was successful in verifying a novel technology for reducing the
hypoxia/anoxia, the in-site experiment in lakes and sea waters need to be further investigated.
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Eldridge & Morse, (2008) developed a non-steady state numeric benthic-pelagic model to
investigate the role of sediment and water-column metabolism in the development of hypoxia in
GOM. The model simulations show the importance of sediment oxygen demand as the primary
sink for oxygen at the beginning and end of a hypoxic event on the shelf, but the sediments
become more dependent on the sulfate and metal reduction once hypoxia has developed
completely. However, this model does not deal with oxidation processes in the benthic boundary
layer and is unable to estimate the portion of bottom water BWOD due to exchange of reduced
metabolites from the sediments.
Hazen et al. (2009), investigated the effects of hypoxia on the vertical distribution of fish
biomass and implied that hypoxia can induce vertical or horizontal displacement of fish
mediating potential indirect bioenergetic or trophic contacts.
Hagy & Murrell, (2007) developed balance box models using the data resulting from
conducting monthly water quality surveys for 3 years (2002-2004) and also analyzed data from
probabilistic water quality surveys and found that the current extent of hypoxia in Pensacola Bay
may be largely attributable to natural susceptibility to hypoxia resulting from physical factors.
They hypothesize that “O2 production resulting from photosynthesis below the pycnocline
sometimes offset O2 consumption in Pensacola Bay bottom waters, potentially reducing
development of hypoxia”.
An assessment of the causes and consequences of summer hypoxia by Scavia et al. (2004)
established that the almost 3-fold increase in nitrogen load to the Gulf is the primary external
driver stimulating the increase in hypoxia since the middle of the last century. They compared
the results of 3 models to reach the consensus that large-scale hypoxia did not start in the Gulf of
Mexico until the mid-1970s.
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Unlike many models which were built around the nitrogen load into the Gulf through the
Mississippi river basin, Hetland and DiMarco (2008) built a hydrodynamic model constructed
with three simple oxygen respiration models that segregate the effects of stratification and
circulation on the development and maintenance of hypoxia. Results of the numerical
simulations show that water column respiration (dependent on the position of the two regional
freshwater plumes) reproduces observed temporal and spatial structures of hypoxia in Louisiana
Bight, whereas benthic respiration (dependent on local temperature and oxygen concentrations)
reproduces that of Terrebonne Bay. The principal conclusion of this study is that the biological
processes responsible for producing hypoxia change from east to west, with the shelf region
south of Terrebonne Bay being the estimated dividing line between water column respiration
(predominantly causing hypoxia to the east) and benthic respiration (causing hypoxia to the
west). Also, the formation and destruction of hypoxia is a primarily vertical process; hypoxia
formed in one region is not advected laterally to different shelf regions. That said, the simple
parametrizations espoused by this model are not appropriate for realistic simulations of hypoxia
because the regions that are often hypoxic in this study are most liable to be restricted by the
supply of organic material.
A computationally efficient probabilistic model was provided by Obenour et al. (2015) to
predict mid-summer bottom-water dissolved oxygen (BWDO) concentration and hypoxic area on
the Louisiana shelf of the northern Gulf of Mexico. While unlike other previous modelling
studies do not indicate a time-based shift in the systems propensity for Hypoxia formation, the
model results imply that physical factors (such as wind and flow) control a larger portion of the
year-to-year variability in hypoxia than previously thought; not discounting the fact that seasonal
nutrient loads remain an important driver of hypoxia.
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Information on plumes is vital in determining the geochemical processes that contribute to
the formation of hypoxia. Data from field measurements of biogeochemical processes and cycles
in the Mississippi plume and in other shelf regions of the northern GOM determine the plume
contributions to hypoxia. Dagg et al. (2007) reviewed mechanistic models that synthesize these
processes to address problems associated with hypoxia and reconstrue the understanding in their
context. They conclude that respiration is the main consequence of fixed carbon in the plume
which suggests that recycling is the fate of nitrogen. Nevertheless, they acknowledge that some
of the basic assumptions must be reconsidered.
Yu et al. (2015) formulated a three-dimensional circulation model with simple oxygen
dynamics to investigate the effects of physical controls on the LA shelf, which successfully
reproduces the observed variability of dissolved oxygen and hypoxia. Their results suggest that
both river discharge and wind forcing have a strong effect on the distribution of the river plume
and stratification, and hence on bottom dissolved oxygen concentrations and hypoxia formation
on the LA shelf. The simulations also imply that the changes in the wind speed have the
maximum effect on the seasonal cycle of hypoxia and hypoxic duration while the changes in
wind direction affect the geographic distribution of hypoxia. However, the model presented does
not realistically represent the impacts of climate change on hypoxia based on climate projections
of river discharge and wind changes in this region.
The general consensus is that hypoxia in the northern Gulf of Mexico is caused primarily by
algal production stimulated by excess nitrogen delivered from the Mississippi–Atchafalaya River
Basin and seasonal vertical stratification of incoming stream flow and Gulf waters, which
restricts replenishment of oxygen from the atmosphere (Dagg et al., 2007). Bianchi et al. (2010)

16

posit in their review that the presence of mobile muds and the proximity of the mobile canyon as
the possible reasons for the improvement of hypoxia.
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CHAPTER 2. BEHAVIOR OF OXYGEN IN STRATIFIED WATER
COLUMNS AND THE CONSTANT FLUX MODEL
2.1. Introduction.
Hypoxia has a negative impact for sport and commercial fisheries (Rabotyagov et al., 2014).
The current solution to the Gulf oxygen dead zone problem is aimed at reducing the nutrient load
of nitrogen and phosphorus (N & P) entering the Mississippi River (Justić et al.,1996).
Alternative solutions aimed at water chemistry must be considered. This manuscript proposes the
idea of enhancing oxygen transport downwards at a depth within the Gulf water column by
mechanical mixing of stratified deep-water layers. An overview of the general approach is
presented which is followed by a detailed theoretical development of the key concepts using
measured O2 profile field data and a mass transport enhanced conventional water quality model.
There is ample measured profile data which is useful for understanding the oxygen transport
processes and provides a unique opportunity for exploring alternative approaches to hypoxia
control. One objective for this work is a better understanding and assessment of the natural
limitations of O2 movement through the stratified horizontal water layers in the upper marine
water column. Theoretical behavior patterns in the vertical transport of oxygen, based on
mathematical models, can be used to explore the efficacy of mechanical (turbine) mixers placed
at selected depths to increase O2 ventilation. The mixers may prevent or reduce the extent of low
concentration conditions below the pycnocline that normally results in hypoxia. The models
allow for the use of available oxygen profile measurements to extract water mixing driven
transport coefficients and project the efficacy of using deep column mixing in order to artificially
reduce or eliminate hypoxia in northern Gulf waters.
The term “re-aeration” refers to the natural or engineered oxygen re-supply process in both
marine and fresh water. It occurs naturally by the actions of ocean currents and surface winds
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which mix the upper layers, enhancing the absorption and diffusion of oxygen to the mixed layer
(Rabalais et al., 2010). Mechanical devices, surface mixing, and/or bubble sparging of air and/or
O2 into the fresh water are well known engineered re-aeration processes (Rabalais et al., 2010;
Conley et al., 2009). Surface mixing oxygenation is used extensively in industrial and municipal
waste-water treatment operations (Kirke & El Gezawy, 1997) and large lake-size impoundments
(Gellman & Blosser, 1971), including damned streams and reservoirs (Kirke & El Gezawy,
1997). While much is known about freshwater applications, only a limited amount of re-aeration
work in marine waters has occurred (for example, Black Sea, etc.).
2.2. Availability of Oxygen in Fresh and Marine Water.
Generally speaking, oxygen from its atmospheric source is relatively insoluble in water; its
composition in air is 21% (mole) and assumed constant. A simple equilibrium thermodynamic
model with an infinite source of O2 will maintain 7.50 mg/L in fresh water, 30o C, at sea level. Its
Henry’s constant is even less, 6.13 mg/L, in seawater due to the salt content (Perry's Chemical
Engineers' Handbook, 9th Edition). The use of a pure oxygen atmosphere increases the
equilibrium content O2 by about five times. Atmospheric air also contains 78% N2 along with
1% other components. The maximum value occurs when O2 molecules on either side of the
water/air interface exist in a state of equal fugacity; i.e. fO2, water = f O2, air. Note that 7.50 mg/L is
0.00075% (mass) = 0.000422% (mole). It follows that O2 molecules prefer not being in the water
phase. Compare a 21% mole fraction in air with an equivalent 0.000422% mole fraction in fresh
water. On a mole ratio basis, oxygen prefers being in the air phase by a factor of about 50,000.
The above calculation is based on Henry’s law for dilute aqueous solutions of gases
dissolved in a liquid: pO2 = Hp ∙ xO2 , where Hp is Henry’s constant (atm. O2 air/ mole fraction
O2 in H2O), 𝑝𝑂2 is the partial pressure of O2 in the gas (air phase), and xO2 is the mole fraction
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O2 in the liquid (water phase). Tabulated O2 solubility in fresh or salty water, as well as the
Henry’s constant data, is available online or in standard chemical property handbook (Perry's
Chemical Engineers' Handbook, 9th Edition). The above thermodynamic science approach can
be used to calculate the potential quantity of O2 available in the water at atmospheric equilibrium
and the maximum value of concentration, ρ∗O2 (mg-O2/m3) at the surface. Actual measured inwater values may be slightly higher or much lower due to its production by algal photochemical
reactions (Dagg et al., 2007).
The theoretical maximum oxygen flux (mole/m2.s) from the atmosphere to a marine surface
mixed layer void of oxygen may be estimated by the equation (Yu et al., 2015):
n∗O2 = kAw [ρ∗O2 − 0]

(2.1)

Assuming a typical value of ocean surface coefficient is 20 cm/hr (Liss, 1974), the solubility
of Gulf shelf’s water in summer is 6.4 g/m3 when corrected for temperature and salinity.
Therefore, the flux max may be n∗O2 = 31 g/m2 . d. So, with this potential availability at the
surface, certainly some level mechanical stirring of selected stratified layers contributing to
retarded transport within key depths will encourage downward flux to satisfy the benthic oxygen
demand which is typically 0.13 to 1.10 g/m2.d.
2.3. Oxygen Transport from Atmosphere to Bed Sediment.
2.3.1. Natural Transport Process.
At the interface between the air and the water’s surface, O 2 molecules experience a
thermodynamic gradient to move from this surface source plane downward towards the anoxic
zone of lower O2 concentration through a concentration gradient. This requires a mass transport
process rate equation for the movement of oxygen from source to sink. Figure 2.1 illustrates O2
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movement pathway downward in the positive y-direction from air-water interface source to the
sediment-water interface sink.

Figure 2.1. Sketch of typical oxygen profile with water depth (m) on y-axis. Water salinity in ppt (parts per thousand)
and O2 (mg/l) conc. on x-axis. Strongly stratified water layer position indicated. It is target for mixing so to eliminate
its’ transport resistance. The term pycnocline is used to identify the layers of changing water density with depth (m).

The commonly used flux equation for mass-transfer is:
nO2 = K O2 (ρ∗O2 − ρO2 )

(2.2)

Where nO2 (g-O2/m2·s) is a flux of oxygen per unit area perpendicular to the movement
direction. The ρ∗O2 is O2 concentration in water at the air-water interface, g-O2/m3. The 𝜌𝑂2 is O2
concentration at some position y (m) downward from the air/water interface. The KO2 (in m/s) is
the overall mass-transfer oxygen coefficient, where Equation 2.1 is a special case. Equation 2.2
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takes into account all the resistances to O2 movement encountered along the pathway illustrated
in Figure 2.1. If there is no oxygen at the sediment bed surface, then ρO2 = 0.0 gr O2/m3.
In order to document hypoxia, many field oxygen profiles are sampled every month in the
Gulf along the C and F transects by The Louisiana Universities Marine Consortium (LUMCON),
as shown in Figure 2.2. Hydrographic, biological and chemical parameters are measured along
the depth at these transects which help in understanding how the dissolved oxygen behaves.
From these profiles, up to five or more characteristic horizontal layers have been recognized and
may be used to characterize hypoxia in the Gulf. Some layers with significant resistance to
oxygen transport are discussed in subsequent paragraphs.

Figure 2.2. C Transect Locations: The C and F transects are sampled every month and are located off the southern
shore of Louisiana.
Source: Rabalais (LUMCON) and Turner (LSU) from gulfhypoxia.net

Figures 2.3 (a, b, c) contain typical vertical water column profile measurements. Water
sampling profiles typically yield fluorescence, salinity, temperature and dissolved oxygen against
depth. It is worth noting that the down-then up profile line traces are different. This occurs
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because the sampling vessel and the Gulf water current are moving across the seafloor. These
profiles were obtained during the Gulf 2015 sampling sortie (Turner et. al., 2015). The profiles in
shelf water of increasing depths of 4 m, 9.5 m and 29 m at C1, C3 and C9 transects respectively
are shown. It is worthwhile to note the layers; the names chosen to represent the layers are
commonly used for freshwater lakes; no such details are used for estuaries and oceans. The Gulf
waters have features of all three. For the C1.hex profile, they are defined and discussed as
follows:
Surface/ Air-Water interface: It’s not a layer; this O2 concentration value, based on assumed
O2 equilibrium between water and atmosphere, is 6.4 g/m3. The oxygen equilibrium
concentration measurements are not this high at or near the surface. Many early investigators and
modelers have observed this fact and noted that it is due to the algal photooxidation process. The
green line trace is O2 measurement profile. It is darker on the descent and lighter on the ascent.
The layers are defined as follows: Mixed Layer with O2 concentration on the decent down the
profile are 4.3 to 3.7 mg/L. This layer occupies a column depth of 0.35 m. The layer appears well
mixed. Upper Epilimnion Layer with O2 concentration 3.7 mg/L to 2.8 mg/L at 0.85m depth and
contains a near linear O2 gradient. Lower Epilimnion Stratified layer with O2 concentration 2.8
mg/L to 1.3 mg/L at 1.40m depth. Pycnocline which is a highly stratified layer with O2
concentration 1.30 to 0.30 mg/L and at depth of 1.40 to 1.70 m. Hypolimnion is a layer
containing O2 concentration 0.30 to ~0.00 mg/L and located at remaining water column depth. It
represents weak stratification gradient. Hypoxic Layer with < 0.2 mg/L is a uniform low
concentration from depth of 3 to 4 meters. It appears well mixed.
For all of the following discussions, C1.hex seen in Figure 2.3(a) is chosen as the
representative profile that would serve the purpose of explaining the behavior of oxygen. This
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profile is chosen because of the clear demarcation of oxygen concentration (green transect) that
is typical to hypoxia, at an appropriate total depth of 10 m, that makes it more convenient for
further analysis. At the water surface (depth = 0), the oxygen concentration is the highest, at an
approximate value of 5 mg/L. This value does not change remarkably until the pycnocline, where
the dissolved oxygen rapidly falls to less than 1 mg/l within a 2 m depth, which is represented
clearly in Figure 2.3(a). This oxygen profile represents a highly consumptive oxygen sink, with
the pycnocline preventing an effective mixing of oxygen. Note the oxygen concentration profile
from y = 0 at the sea surface downward to approximately 4 m in depth is near constant and
approaching approximately 7.2 mg/L – indicating good mixing in the surface layer. At a depth of
about 5.2 m, the oxygen concentration decreases significantly and is around 1 mg/L. Good
mixing appears to occur; again, in the benthic boundary layer.

24

Figure 2.3(a). C1. Hex profile, Gulf of Mexico, June 2015.
Source: Turner et al., 2015
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Figure 2.3(b). C3.hex, Gulf of Mexico, June 2015
Source: Turner et al., 2015
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Figure 2.3(c). C9 Hex Profile, Gulf of Mexico, 2015.
Source: Turner et al., 2015

The marine pycnocline, an oceanography term for the layer of rapidly increasing water
density below the mixed layer and extending to the abyss, in this case, is divided into 5 sublayers
based on O2 profile data and is supported by both temperature and salinity data (See the blue
(temperature), orange (salinity) and purple (fluorescence) lines). The layers were named
individually using a mixture of limnology and oceanography terminology (freshwater lakes
designation of stratification). On review of the C1.hex, C3.hex and the C9.hex profiles, the layers
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can be identified and defined with specific parameters. From top to bottom, the vertical thickness
(m) of each of the five layers are as follows: hmx, hep, hme, hhp, and hhx. Note that total depth is
ℎ = ∑5𝑖=1 ℎ𝑖 . Likewise, the O2 concentrations that define the interfaces separating the above
layer, six in total, are: Air/water interface – ρa, Mixed/epilimnion – ρmx, Epilimnion/metalimnion
– ρe, Pycnocline, -ρp, Metalimnion/hypolimnion – ρme, Hypolimnion/hypoxic interface – ρh, and
Hypoxic layer/sediment water – ρs.
Each profile is assumed to remain in a fixed position as shown (i.e. steady state), while the
water column current moves laterally east to west over the shelf sea floor. The Coriolis force
causes the current to follow the Louisiana -Texas coastline. This is a necessary simplifying
assumption that requires the so-called plug flow behavior be used from left to right in Figure 2.1.
In fact, each profile is a hypothetical snapshot of the actual flow and situation profile which
typically takes several days of ship time to complete. The assumption is that the Gulf condition,
during the sampling sortie remain somewhat uniform, though this may not always be the case.
Nevertheless, due to data limitations, existence of steady-state model conditions must be
assumed.
2.3.2. Propeller Aided Reaeration Technology.
As posited earlier, this project aims to tackle hypoxia in the Gulf of Mexico by employing
field-scale impellers at specific locations and predetermined depths targeting certain water layers
restricting transport of oxygen downwards into the hypoxic water layers. Figure 2.4 is a brief
birds-eye view illustration of the downstream fan-shaped plume. The following paragraph details
how this setup can disturb the density stratification, thus enhancing the oxygen transport through
turbulent mixing.
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Figure 2.4. Birds-eye view of the theoretical field-scale impeller. This diagram illustrates a hypothetical downstream
mixing zone of a single subsurface impeller, overlaid with traces of water current velocity vectors moving east to west,
over the shallow shelf waters of the northern Gulf of Mexico.

The above picture is a birds-eye view of turbulent eddy diffusion process. The propeller at a
fixed position is seen rotating in a horizontal plane and anticlockwise. The Gulf water current
flows from right-to-left and directly to the mixer position and into the mixing zone. By design,
the propeller is positioned deep in the water column at a pre-selected depth, targeting a particular
layer mixing. At each second in time a volume of seawater V (m3): a product of mixer effective
diameter d (m), effective mixing depth h (m), and water layer current speed v (m/s), is mixed
with oxygen enriched water. The layer above recently in contact with the sea surface, contains a
high level of oxygen of atmospheric origin. In effect, the mixer moves this oxygenated surface
water down rapidly to mix into the next lower level.
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A volumetric rate of oxygenated saltwater departs from the mixing zone. It is carried down
current beyond the propeller forming the turbulent eddy diffusion zone. This cone-shaped zone
naturally expands in size; its lateral dimension increases by a process called isopycnal diffusion.
Such a process is always operative in the ocean and is also responsible for the movement and
break-up dissipation of spilled oil (i.e. dispersion of oil). In this case, the isopycnal diffusion
process amplifies the mixing effectiveness of a single propeller by increasing the size of the
mixed zone.
Figure 2.5. shown below illustrates the side view of a hypothetical rotating three-bladed
vertical propeller shaft installed at a fixed position at the seafloor recirculating water in the Gulf
water column and shows the hypothetical effect of mixing it provides by targeting the pycnocline
region of the column. Realistically, the Gulf column is constantly in motion with a lot of
turbulence produced by various factors such as surface waves created by the wind and internal
waves, among others. The impeller would be submerged in the column with fixed mountings at
the bottom and would be run using wind or solar power rotating shaft. It would target the
stubborn stratification of oxygen that occurs in the pycnocline, providing abundant mixing
downwards, pushing the denser and saltier water below the impeller upwards to mix with the
oxygen-rich upper water of low salinity. This would also distort the water streamlines in the
pycnocline, fairly reducing the resistance to oxygen transport from the upper layers to the
hypoxic bottom layers. It is worth noting that a persistent flow of water over and across the
installation position so that a turbulent wake of mixed and destratified water is produced at each
installation point. Although the vertical mixing throughout the horizontal layers (i.e. diapycnal
diffusion) is suppressed because of the natural water density structure, considerable horizontal
dispersion (isopycnal diffusion) continues to occur due to the natural meandering of the
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horizontal moving water streams. In addition, a turbulent wake is formed at the depth placement
point of each impeller and it radiates outwards in two dimensions. The wind and wave action on
the surface of the Gulf also contributes to lateral mixing. In addition, internal waves form at the
interface of adjacent stratified layers to also contribute to horizontal dispersion. The net effect is
a pie-shaped underwater plume in a confined mixed layer that grows laterally in size but decays
in intensity. Figure 2.4. illustrates this birds-eye view of a single plume. The modeling section in
Chapter 3 demonstrates how the oxygen concentration decreases with flowtime as the mixing
zone position recedes in the distance. Presumably, additional subsurface aerators will be needed
once again to replenish the water column with fresh, high oxygen content, mixed surface layer
surface water. Although vertical mixing across the layers (i.e. diapycnal diffusion) is suppressed
because of the natural water density structure, there is enough horizontal dispersion (isopycnal
diffusion) and natural meandering of the turbulent wake forced by the wind and wave
interactions on the surface of the Gulf to offset the vertical stratification. From a bird’s eye view
looking downward into the sea surface, it is evident that the sea surface experiences enhanced
water mixing in the horizontal plane. Measured marine mixed-layer dispersion coefficients at sea
clearly confirm this behavior.
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Figure 2.5. Impeller in side-view shows water mixing currents in density-stratified water layer with high oxygen
transport resistance. This act of breaking hypoxia increases oxygen concentration in the deep-water portion of the Gulf
of Mexico water column.

Imagine a hundred vertically turning, three-bladed wind machines protruding in the
atmosphere above the shallow continental shelf water of the northern GoM. Nestled together in a
geometric pattern, they would provide power to many submerged horizontally turning water
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propellers delivering highly oxygenated sea-surface water downward to the seafloor so wildlife
biomass can thrive. Normally during the summer and fall, the oxygen concentration is too low at
0 - 2 mg/L for wildlife – they flee or die. In addition to wildlife and fisheries industries, this
environmental condition impacts other aspects of well-being to living on the Gulf Coast. It
includes tourism, water recreation, recreational fishing, birding, boating, swimming, vacationing
and other coastal related activities. Taken together, the impact of hypoxia on the state of
Louisiana is enormous.
2.4. Mathematical Models to Characterize Oxygen Transport.
2.4.1. The Classical advection, diffusion and Reaction (ADR) Model.
A simple steady-state model is developed to describe and quantify the oxygen transport
vertically in the water column from atmosphere to the seabed sediment, as indicated in Figure
2.1 in the previous section. The numerous simplifying assumptions that follow will transform the
classical advective, diffusive, and reactive (ADR) law for O 2 mass conservation in the water
column using a LaGrangian approach. The required volume element is referenced to average
water current velocity shown in various vertical positions in Figure 2.4. The mass balance in 3-D
vector notation appears as,
∂ρO2
̅ ρO = ∇
̅ ∙ n̅ + vO
+ v̅ ∙ ∇
2
2
∂z

(2.3)

where the arbitrary volume element — Δv = Δy · Axz with vertical water depth length Δy (m)
and cross-sectional area Axz (m2) —moves right to left with an average current velocity Vx (m/s)
across the surface of the footprint. It enters at (a) and exits at (b). Its upper surface is bounded by
the interface with the atmosphere and lower surface bounded by the seabed interface. Upon
entering the zone, it is assumed to reach a steady-state O2 profile very quickly and remain as

33

such. The other process assumptions that allow for simplistic behavior are: a) one-dimension
oxygen transport in the vertical, b) no advective movement of water across the surfaces of
volume element, c) no oxygen production or destruction within the volume element, and d)
turbulent eddy diffusion flux only in the negative y-direction from atmosphere to bed sediment.
With these restrictive assumptions, the ADR equation is transformed to the result:
0=

d
n
dy y

(2.4)

In effect, it is a one-dimensional top-down oxygen transport model. The flux of O2 ny, in the
vertical direction is constant by using turbulent eddy diffusion process flux expression

ny = nO2 = − Di

dρO2
dy

(2.5)

Integrating once requires the flux to be constant, and nO2 serves the purpose. This is the
origin of the Constant Flux Model (CFM). In this Gulf shelf region, the water is horizontally
stratified into several layers stacked vertically in the y-dimension, as noted previously (in 2.3.1).
At least five have been identified in some locales (See Figure 2.3). The water mixing within each
layer is well approximated by a constant value of Di, the eddy diffusion coefficient. However, its
numerical magnitude will likely vary greatly from layer to layer, depending primarily on the
water density variation with depth. Assuming that Di (m2/d) is constant over a short vertical
distance y (m) - where 𝑖 denotes the layer interface plane, beginning with the atmosphere-water
interface at 𝑖 = 1 - and integrating the flux expression across a typical layer yields its finite
difference form as:
nO2 = Di (ρO2i+1 − ρO2i )/(yi+1 − yi )
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(2.6)

As mentioned above, the LaGrangian volume element, ∆V = A. h (m3), approach is used in
the derivation of this steady-state model water mixing by turbulent eddy diffusion occurs in the
vertical direction (diapycnal diffusion) only. Lateral (isopycnal diffusion) eddy diffusion is not
included as transport process in the model nor is the lateral water advection process. Clearly this
plug-flow approach is a highly idealized approximation of the more complex fluid dynamic
system which exists on the continental shelf. Nevertheless, it captures the essential gross features
of the hypoxic footprint that appears for a few months each year in the Gulf. Based on the
findings which result from this simple model, efforts can be put to build a more realistic, next
generation model.
2.4.2. The Constant Flux Model.
Based on the information from each individual vertical profile, which contains O 2,
temperature and salinity as a function of water depth, it seems appropriate to select about five
horizontal layers. The following site equations represent oxygen flux across each of the six
layers:
Air-water interface plane (i=1):
nO2 = k Aw (ρ∗ − ρa )

(2.7)

Mixed layer top plane (i=2):
2Dm
) (ρa − ρmx )
hmx

(2.8)

2Dep
) (ρmx − ρe )
hep

(2.9)

nO2 = (
Epilimnion layer top plane (i=3):

nO2 = (
Metalimnion layer top plane (i=4):
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nO2 = (

2Dme
) (ρe − ρm )
hme

(2.10)

2Dhp
) (ρm − ρh )
hhp

(2.11)

2Dx
) (ρh − ρs )
hx

(2.12)

Hypolimnion layer top plane (i=5):

nO2 = (
Hypoxic layer top plane (i=6):

nO2 = (

The nO2 is constant across each layer and through the entire profile. It is known as the
constant flux model and is used as a first approximation in both oceanic and atmospheric
boundaries (OBL and ABL respectively) (Anis, 1998). The flux is also referred to as the SOD
(Sediment Oxygen Demand) and is typically measured at the sea floor using a benthic flux
chamber. Using this boundary condition mathematically precludes requiring an O2 concentration
at the sediment-water interface.
The above six equations include seven adjustable parameters maximum. These include
estimating the O2 flux, nO2, the sea surface mass transfer coefficient kAw, and five eddy diffusion
coefficients denoted by the letter “D” in each equation. Equations 1 through 6 above may be
algebraically combined in the classical resistance-in-series arrangement to yield the following
single equation for the oxygen profile, 𝜌i (g/m3), as a function of water column depth, hi (m), at
the interface between adjoining layer. Using the overall oxygen driving force concentration at the
air-sea interface, 𝜌*, minus that at the bed sediment-water interface, 𝜌s, and expressing it using
each layer’s driving force yields the following tautology equation:
ρ∗ − ρs = (ρ∗ − ρa ) + (ρa − ρmx ) + (ρmx − ρe ) + (ρe − ρm ) + (ρm − ρh ) + (ρh − ρs ) (2.13)
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The overall flux is defined as:

nO 2 =

(ρ∗ − ρs )
R

(2.14)

Where R is the water column resistance in d/m. In combination with the individual layer flux
equations, Equations 2.7 through 2.12, Equation 2.13 can be transformed to:
hep
hhp
1
hmx
hme
hx
ρ s = ρ ∗ − n O2 [
+
+
+
+
+
]
k Aw 2Dmx 2Dep 2Dme 2Dhp 2Dx

(2.15)

The bracketed term is defined as “R,” the overall resistance to O 2 mass transport, and is the
sum of the individual layer resistances of the individual layer resistance. The equation above has
several practical uses concerning the characteristics of the water column oxygen profile.
2.5. Sediment Oxygen Flux and SOD to the Bed Sediment Surface.
The Gulf shelf Constant Flux Model for oxygen appears above as a set of nine equations (2.7
to 2.15). The one key parameter in the CFM is the sediment oxygen demand (SOD), nO2 , hence
the name of the model.
Numerical estimates of the sediment oxygen flux (𝑛𝑂2 ) are available from the application of
primary production eutrophication models to Gulf waters. In addition, benthic flux chambers are
used to obtain in-situ 𝑛𝑂2 values based on field measurements. In the following two narrative
sections, literature will be reviewed that present SOD results from both eutrophication models
and actual field measurements.
For the Louisiana shelf, Bierman et al., (1994) used a eutrophication model to obtain
reasonable values of oxygen flux downward in the stratified water column from sea surface to
bed sediment. If oxygen consumption in water column as well as the bed sediment surface is
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included, the effective flux is elevated with an average at 4 g/m2·d and a range of (3.8 to 4.2)
g/m2·d. Model component analysis by (Justić & Wang, 2014) clearly indicates this.
SOD is a consequence of algal sedimentation to the bed; an organic ooze can create a major
oxygen demand within the overlying water and its oxidation by O2 depletes the adjacent bottomwater and muds of dissolved oxygen and produces a sink. In areas of intense eutrophication, the
sediment oxygen demand (SOD) may range between 5-10 g/m2·d. A summary of such
eutrophication model SOD studies appear in a United States Environment Protection Agency
(USEPA) publication (Zison, 1978).
Field measurements of SOD are typically conducted using aluminum chambers nearly 2 ft in
diameter. Two replicates for water column respiration and four replicates for sediment
respiration rates are usually employed. The open-bottomed chambers are placed on the seafloor
surface, sealed with knife-edge plate and dissolved oxygen (DO) probe is placed inside the
chamber to obtain the concentration of O2 in mg/L. The DO concentration within the chamber is
monitored and recorded every 5 to 15 minutes in order to document the kinetic rate of oxygen
uptake by the sediments. To determine the SOD rate, 12 to 24 readings are taken over a period of
1.5 to 2 hours. (Zison, 1978) US Environmental Protection Agency (EPA) provided data for
SOD field measurements from 1977 to 2001 for the stratified Calcasieu River near Lake Charles,
LA from 1984 to 1985. Table 2.4.1. contains some field measurement results.
The data in the following table offer some degree of insight into the SOD field measurements
performed at a particular location over two summer months in 1984 and 1985. It is clear that
these SOD measurements were well behaved, they did not vary much with respect to time or
sample station/location. They were not constant but had a high degree of numerical consistency
in the numerical values obtained over the thirteen stations.
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Table 2.4.1. SOD Data from EPA, 1984 - 1985, Calcasieu River, LA

Mean
Minimum
Max
(g-O2/m2.day)
(g-O2/m2.day)
(g-O2/m2.day)
1985, April
Sta 015 0.54
0.43
0.62
1984, May
Sta 07
0.63
0.46
0.94
1984, May
Sta 04
0.64
0.46
0.94
1984, May
Sta 036 0.84
0.70
1.03
1984, May
Sta 025 0.65
0.58
0.91
1984, May
Sta 02
0.65
0.46
0.74
1984, May
Sta 015 1.66
1.46
1.99
1985, April
Sta 08
1.15
1.15
1.15
1985, May
Sta 019 1.32
0.91
1.75
1985, April
Sta 025 0.40
0.34
0.48
1985, April
Sta 036 0.48
0.29
0.72
1985, April
Sta 04
0.49
0.34
0.58
1985, April
Sta 07
0.47
0.29
0.67
1985, April
Sta 019 1.11
0.91
1.49
1985, April
Sta 02
0.62
0.48
0.74
2.5.2. Gulf of Mexico Eutrophication Models and Their SOD Values.
Year/Month

Location

Mean Temp
(c)
16.5
24.2
24
23
24.5
24
24.2
17
26
17
16
16.8
17
22
16.8

A mass balance model presented by Bierman et al., (1994) demonstrates that SOD appears to
significantly contribute to total oxygen depletion rates in bottom waters, with estimated
contribution ranging from 22% to 30% (Bierman et al., 1994). Their model had the spatial
domain - the Gulf shelf - being represented by a 21- segment water column grid extending from
the Mississippi river delta west to the Louisiana-Texas border. This grid included one vertical
layer nearshore and two vertical layers offshore, all of which were completely mixed. The values
were reported for steady-state conditions in July 1990. The modeling study showed that the
magnitudes of the chemical-biological DO consumption processes from the atmosphere
downward to the bed surface are greater than those for lateral (horizontal) advective-diffusive
transport processes. This means that the vertical dimension for quantifying the oxygen processes
is more significant than advective (positive or negative) processes along the edge of the shelf
footprint. It was also shown that photosynthesis was the largest contributor of DO and its later
consumption was the largest sink.
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Based on the data presented for the Louisiana inner shelf in July 1990, the areal oxidation
rates in four segments were obtained and results summarized in Table 2.4.2 below (Bierman et
al., 1994). The four columns are oxygen depletion rates and are respectively: carbonaceous
BOD, volume rate and phytoplankton respiration flux, nitrification SOD and sediment oxygen
flux. The table shows the model segment number and water depth. The numbers in the last
column are in good agreement with those provided by the literature previously reviewed above.
It is also in agreement with a reported large number of other marine systems (Dortch &
Whitledge, 1992).
Table 2.4.2. Gulf inner-shelf segment oxygen (SOD) (Bierman et al., 1994)

Model
Segment
15
17
19
21

Depth, h(m)
20
12
7.5
6.0

SOD (gO2/m3.day)
0.04
0.08
0.14
0.18

SOD (gO2/m2.day)
0.80
0.96
1.05
1.08

CBOD (gO2/m2.day)
0.2
0.35
0.50
0.70

SODe (gO2/m2.day)
4.0
4.2
3.8
4.2

*SOD(area) = SOD(volume) x segment depth(m)
CBOD = Carbonaceous Biochemical Oxygen Demand

More recently, a Gulf of Mexico Dissolved Oxygen Model (GoMDOM) was also used to
predict the SOD values and estimate the impact of nutrient boundary conditions on primary
production (Feist et al., 2016). The five-year model runs conducted to evaluate the changes in the
predicted hypoxic areas as a result of the changes in the sediment oxygen flux showed that the
maximum SOD rate was 0.8 g-O2/m2.day.
Sensitivity of hypoxia and the variations in SOD were evaluated in a model presented by
(Fennel et al., 2013) and layout the importance of SOD for the generation of hypoxic conditions,
based on the fact that hypoxic conditions are restricted to within 2-3 m above the sediment.
(Testa & Kemp, 2012) derived an empirical relationship for the SOC fraction of total respiration,
and based on this predicted that water column sinks should exceed those of the sediment for
systems deeper than 5 m. SOD values measured using incubations combined with membrane
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inlet mass spectrometry in sediments were reported to be range from 0.313 – 1.38 g-O2/m2. day
(McCarthy et al., 2013), with mean at 0.64  0.064 g-O2/m2.day. Integrated measurements of
SOC during eight cruises from 2003 to 2007 on the Louisiana Continental Shelf were reported to
range from 0.13 to 0.83 g-O2/m2.day, which is in agreement with the reported values by the RIS
O2 model (Murrell & Lehrter, 2010). Using a FVCOM LaTeX model, SOC values were reported
to range from 0 to 1.8 g-O2/m2.day, which agree reasonably with the values reported previously
(Murrell & Lehrter, 2010; McCarthy et al., 2013).
The appearance, continuous updating and development of deterministic mass balance models
with realistic rate process algorithms for the eutrophication processes including oxidation in
rivers, lakes, estuaries and oceans has contributed greatly to numerical values of the individual
process parameters. Beginning in 1974, Middlebrooks et al. provided the start which resulted in
the continuing development and publication of models and algorithms (Thibodeaux, 1976;
Bierman et al., 1994) for these deterministic models and culminating with (Justić & Wang,
2014). The above brief summarizes and highlights some significant aspects relevant to sediment
oxygen demand requirements of the CFM. The above data is reasonably concrete so as to make a
safe initial assumption of SOD, as most empirical values agree with those predicted by numerous
models. Based on the values suggested by above published studies and models, it seems
appropriate to assume, from an initial design perspective, a SOD range of 0.13 to 1.8 gO2/m2.day with a mean at ~1 g-O2/m2.day.
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2.6. Gulf Seabed and Other Gulf of Mexico Oxygen Sinks.

Figure 2.6. Four hypothetical concentration profiles from the constant flux model

Figure 2.6 shown above depicts four hypothetical profiles (numbered 1 to 4) depicting the
variation of concentration of oxygen with depth as a result of the constant flux model. Each
number represents a larger nO2, oxygen demand flux at the seafloor. The range of oxygen
concentrations is shown but other data such as water depth, layer thickness, eddy diffusion
coefficients etc. were omitted so as to keep the example simple. Real profile data do appear in
2.3 (a,b and c). These models aid in understanding the most simplistic but realistic scenario that
could occur for the seasonal hypoxia in the Gulf of Mexico. They also help in understanding how
the magnitude of the bed oxygen sink stratification controls and contributes to varying Hypoxia
levels within the water column. The first profile (1) indicates a very rapid oxygen mixing
throughout the water column with no oxygen consumptive sink on the seafloor. The lack of
oxygen sink means that the concentration of oxygen throughout the water column remains
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uniform. This results in a uniform concentration throughout the column that would ideally be the
case, although implausible realistically. The second profile (2) shows a rapid column oxygen
mixing with a weak but significant oxygen consumptive sink at the seafloor. While the
concentration in this profile decreases, it still doesn’t pose a fatal threat to benthic fauna; also,
the turbulent mixing is weak in this layer. The third profile (3) indicates a “choked” oxygen
transport at the pycnocline with a rapid mixing above and below with a significant seafloor sink.
The area between the dashed lines represents the pycnocline, the layer where the density gradient
is the greatest. The stratification of the column in the pycnocline is severe and it prevents
effective transport between the mixed layers above and below the pycnocline. Here, each layer is
feeling the presence of the stratified zone, a characteristic typical of the pycnocline in oceans.
The fourth profile (4) is indicative of the choked oxygen transport at the pycnocline with
significant in-column and very severe with high nO2 flux seafloor consumptive sinks. This
represents the most severe case where anoxia is predominant in the lower layers. Mixed layers
heavily feel the presence of stratification, which results in the in-column consumption of oxygen
that could potentially result in anoxia in the bottommost layers. The model (3) could represent
the most realistic scenario to represent hypoxia and would help in formulating a two-box model
presented in Section 3.2.
2.7. Stratified Gulf of Mexico North Shore Continental Water.
The hypoxic footprint is a bottom area of roughly 30 miles (48 km) wide and 240 miles (390
km) long on the shallow continental Gulf shelf beneath a water current moving east to west.
During a hypoxic event, designated sample locations are shown as a hypothetical line of black
dots in Figure 2.7. These positions appearing transect from the shore-line outward and across the
shelf, are visited by research vessels to obtain oxygen concentration in the water and other
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related chemical and physical measurements such as salinity and temperature. Figure 2.7 also
contains typical results of the vertical oxygen profile data. Illustrated graphically, for one typical
transect point the upper water layer contains elevated levels (~6 mg/L) while the lower layer has
much less oxygen (< 1 mg/L). The water current speeds, shown across the density-stratified
water column are typical of those observed in the east to west marine current that parallels the
coast. Water depths across the shelf are shallow, typically they range from 5 meters nearshore to
20 meters at points south and ~50 m off shelf. When viewed as a volume of the hypoxic zone, it
is a flat, shallow layer. The geometric dimensions of ocean water are ~7,200 sq. miles (~19,000
sq.km) and a very large surface areas at the seabed and atmosphere interface is planar at a very
shallow depth (~16 to 65 ft). The vertical dimension y in Figure 2.7 is much oxygenated.

Figure 2.7. Hypothetical Gulf Surface Sample Locations Visited by Research Vessel: (a) The upper half represents
the transects perpendicular to Louisiana shoreline and shelf-water edge; black dots represent positions visited. (b)
Underwater x-y graph shows oxygen concentration (mg-O2/L) versus depth profile and water column current speed
(cm/s) vs depth. (c) Gulf mud layer and sediment-water interface.
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During fall each year, at the peak of the hypoxia event in the Gulf, numerous transect lines
are visited, wire-line electronic probes are lowered, and the extent of hypoxia is determined from
the vertical oxygen profiles of concentration vs depth primarily. Figure 2.3 illustrates the type of
data obtained, shown are a series of three profiles in increasing water depths. From such data
taken along many transects, the general shape, position and extent of the Dead-zone area be
delineated on a yearly basis. Figures 1.1 and 2.2 show typical sample transect patterns used in
the Gulf for a few years. The footprints outline the area where the bottom-water oxygen levels
are less than 2 mg/L. Figure 2.8 shows the 2015 footprint size and shape as an example. From
the accumulated evidence on size, location and repeated occurrences, a seasonal pattern of events
suggests a general conceptual model for oxygen behavior in the hypoxic zone.

Figure 2.8. Modeled and predicted hypoxic footprint in the Gulf of Mexico for 2015.
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2.8. Overall Hypoxia Footprint Oxygen Balance.
The control volume of water represented by the hypoxic footprint is shown in Figure 2.9.
Molecular oxygen enters the footprint area from the atmosphere and departs by biological
respiration in the bed sediment. Consider the marine current direction as the x-axis, and the depth
in the vertical dimension as the y-axis. The upper and lower surface area of these interfaces and
layers is about 24,276 km2 while the edge surface area of approximately 10.4 km2 with an
average depth of 20 m, a width of 50 km, and a length of 476 km is very small. The control
volume of water is used to perform a Gulf shelf oxygen mass balance.

Figure 2.9. Hypoxic zone volume element for oxygen mass balance (not to scale)

Based on surface area alone, this suggests that vertical diffusion transport of oxygen from the
atmosphere may be large compared to lateral advection transport of oxygen due to water flowing
into the hypoxic zone volume along its eastern edge inlet. Calculating the advection and the
diffusion oxygen mass flow rates is of importance in this section, as it allows one to compare the
oxygen sources and sinks in the Gulf shelf waters.
Upper layer advection rate, Wadv (kg/s), into the control volume along the eastern edge is
calculated using the following equation:
Wadv = vx . Ayz . ρO2 = (10 × 10−2 m/s). (10.4 × 106 m2 ). (6 × 10−3 kg/m3 ) = 612 kg/s
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Where Ayz is the area perpendicular to the flow direction, vx is the inlet velocity in the
direction of the flow (east to west), and ρO2 is the concentration of oxygen flowing into the
eastern edge. However, only upper layer contains oxygen and this amount also exits by
advection, since it contains oxygen at near saturation conditions.
Diffusion rate (kg/s) into the control volume from the atmosphere assuming that it is
maximum (i.e. oxygen flux is zero at the bed sediment) is given by:
1

Wdif

20 × 10−2
44 2
= Axz . k A2 . (ρA2 − 0) = (
m/s) ( ) . (24,276 × 106 m2 ). (6 × 10−3 kg/m3 )
3600
32
= 9,489 kg/s

Therefore, oxygen enters the control volume from the atmosphere at a rate of 9,489 kg/s,
laterally advects into the control volume at a rate of 612 kg/s and departs from the control
volume through advection at a rate of 612 kg/s. The net rate, henceforth, is 9,489 kg/s. So,
SOD =

9,489 kg. O2
kg. O2 0.38 × 1000 × 24 × 3600 g. O2
g. O2
=
0.38
=
=
1.4
(24,276 km2 ). s
km2 . s
106
m2 . d
m2 . d

Therefore, an argument can be made that advection in lateral direction, in = out overall and
across each volume element may be neglected in the volume element mass balance. It is worth
noting that the value of SOD calculated, -1.4 g/m2.d, is in the range of SOD measured in
eutrophic rivers and lakes, as shown in Table 2.4.1. Also, the values of SOD reported by
Bierman et al. (1990) in the hypoxic zone in Gulf of Mexico ranged from -0.04 to -0.18 g/m2.d.
The above calculations confirm how little oxygen leaks out of the boundary of the control
volume, proving that the oxygen transport models developed thus far are up-down based models.
This suggests that although there is plenty of oxygen available in upper column, it cannot easily
move downwards to reduce the hypoxic condition. Hetland and DiMarco (2008) underline this
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by observing that the formation and destruction of hypoxia is primarily a vertical process and
that hypoxia formed in one region is not advected laterally to different shelf regions.
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CHAPTER 3. CONCEPTS AND THEORY
3.1. Constant Flux Model and Identifying Oxygen Choke Points.
The previous two chapters introduced the problem of hypoxia in the Gulf, provided an idea
of its remediation and some continual history of its annual occurrence. This was followed by
information on oxygen availability in marine water, its natural movement by turbulent diffusive
transport as well as its enhancement by rotating propeller mechanical reaeration. This was
followed by introducing the processes and theory of oxygen transport and the models and
concepts needed to track and quantify its rate of movement. The oxygen must move from the sea
surface source, down through multiple stratified stair-step layers on the Gulf shelf which consist
of the mixed upper layer, the pycnocline below the lower portion of the water column sink and
downwards to the bed sediment surface. The chapter ends by detailing the derivation from the
well-known steady-state advection, diffusion and reaction (ADR) model and finally focuses on
the deceptively simple but realistic and useful Constant Flux Model (CFM).
This chapter introduces the concept of choke points to explain the phenomenon of oxygen
stratification in the waters of the Gulf columns. As the name suggests, choke points are specific
regions in the Gulf shelf, specifically certain water layers, that offer high resistance to oxygen
transport among the layers. In other words, these points choke the bottom waters of oxygen.
Identifying the choke points in the Gulf column is important as it allows for their specific
targeting to place impellers that would instigate mixing of the stratified water for oxygen
transport.
The CFM is instrumental in that it helps identify the depth below the surface to these choke
points. While the previous chapter introduced CFM, this chapter discusses its application to field
transect data and establishes its validity and usefulness in identifying choke points obstructing
the transport of oxygen. The chemical mobility equations are simple algebraic formulae, but they
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are far more than that. Interpreting and dealing with the complex interplay of chemical
concentrations, depth profiles, gradients (i.e. sources and sinks), diffusion, resistances,
conductance, and fluxes to understand mass transport process can be quite confusing. Studying
Figure 2.6 for the application of The Constant Flux Model (CFM) on oxygen concentration vs
depth profiles should provide some understanding the process of oxygen mobility from the
atmosphere downward to the seabed along the Gulf shelf dead zone.
Figure 2.3 (a) displays shipboard measurements for the C1 Hex profile in Gulf of Mexico,
2015. At this nearshore position on the North to South sample transect, the water is shallow and
about 4 m in depth. This data will be used in an example calculation for the CFM in the
following section to provide numerical confirmation and better understanding of its behavior.
One of the primary results of a study by Hetland & DiMarco (2008) is that the hypoxia formation
on the Texas-Louisiana continental shelf is primarily a downwards vertical, sea surface to seabed
process rather than a horizontal one. They insist that low oxygen conditions do not advect
laterally but are formed by local oxygen respiration consumption processes and are destroyed by
downward vertical turbulent mixing of water containing oxygen.
The CFM equation for each layer was developed previously in Chapter 2 (see Equations 2.7
to 2.12); they are now used with the data in Table 3.1 to obtain estimates of Di (m2/d), the layer
eddy diffusivity. For example, Equation 2.9 for the surface mixed layer with i = 1 may be used to
estimate D1; the algorithm is:

Dm

hmx⁄
2
2 } = 9.6 g/m . d = 8.41 m3 /d
= nO2 {
(ρa − ρmx )
2(0.571 g/m4 )

The numerical values for successive layers given in Column 7 in Table 3.1 indicate that the
metalimnion has the least Di value of 0.514 m2/s in the water column. The second lowest is the
50

epilimnion with i = 2. Higher Di values appear in the lower depths of the water column and near
the sea surface in the surface mixed layer. This variation in Di values with depth reflects the
strong vertical density variations in shelf-water layers. The high-to-low numerical variation in
the ratio of Di is around 16 and suggests that mid-column layers might be the possible choke
points slowing oxygen transport downward from the sea surface to the bed sediment. Providing
local mixing by horizontal rotating impeller at this depth may destroy water stratification in the
vicinity so as to increase the downward circulation of high oxygen concentration water from
above.
3.1.1. Oxygen Stratification and Choke Points in Gulf of Mexico.
A visual analysis of the C1. Hex Profile (Figure 2.3a) in Chapter 2 was described earlier in
detail. The data suggests that five characteristic water layers with six interfaces may be defined
based on the O2 data and supported by the salinity and temperature profiles. From the top to
bottom of the staircase structure identifies and orients the mixed layer, the epilimnion,
pycnocline, hypolimnion and the abyss. Each layer from the upper surface is denoted by i values
from 1 to 6 in column 5 of Table 3.1. For illustration purposes, the flux nO2 may be roughly
estimated using Equation 2.2. The value of the surface/interface plane mass-transfer coefficient
for O2 for average oceanic sea-surface conditions, 20 cm/h (4.8 m/d), is well known (Liss and
Slater, 1973), and it likely overestimates values for the Gulf shelf waters. The flux is a negative
value since y-direction oxygen concentrations decrease with increasing depth (see Figure 2.3
(a)). The estimated flux is nO2 = (4.8 m/d)(6.4 -4.6) g/m3 = 8.64 g/m2·d. Based on the number of
layers and their positions in the water column, the thickness of each layer (hi, m) may be
determined; the values are shown in column 4 of Table 3.1. The total water column depth equals
4.0 m.
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Column 6 contains the concentration gradient (ρi+1 – ρi)/hi for each layer i=1 to 6, computed
as follows: Mixed layer (i=1): (ρ2 – ρ1)/h1 = (6.4 – 4.4)/0.36 = 5.56 g/m4; Epilimnion (i=2): (ρ3 –
ρ2)/h2 = (2.4– 4.4)/1.09 = -1.33 g/m4; Metalimnion (i=3): (ρ4 – ρ3)/h3 = (1.00 – 2.4)/0.30 = -4.67
g/m4; Hypolimnion (i=4): (ρ5 – ρ4)/h4 = (0.20 – 1)/1.25 = -0.64 g/m4; and Anoxic Layer (i=5): (ρ6
– ρ5)/h5 = (0.20 – 0.20)/1 = 0.0 g/m4. The gradient numerical values, i/hi (g/m4), appear in
Column 6 of Table 3.1.
The CFM equations for each layer were presented previously in Chapter 2 as Equations 2.8
through 2.12. They are now used with the profile data in Table 3.1; for successive computations
to yield the numerical values of layer eddy diffusivity Di (m2/d) and the transport resistance Ri
(d/m), as seen in Equation 2.14. These numerical values appear of Di and Ri in Columns 7 and 8
of Table 3.1. Clearly the oxygen transport resistance in the metalimnion layer, R3 = 0.622 d/m is
the layer with the highest numerical value which makes this transport parameter preferred for
assuming the choke point depths in the Gulf water columns.
A very steep, negative O2 concentration gradient is seen in Figure 2.3 (a) across the
epilimnion with a thickness of 1.09 m and at a depth of 1.45 m. It separates the upper fresh water
and lower salty layers. Since the flux is assumed constant throughout the water column,
Equations 2.9 through 2.13 are used to estimate the eddy diffusion coefficient within each layer.
Using SOD flux 8.64 g/m2·d for each of the five layers, the various D-values layers from i=1 to 5
in m2/d appear in column 7 of Table 3.1. The choke point for O2 transport appears to be in
metalimnion where the low eddy diffusion (isopycnal diffusion) coefficient of 0.925 m2/d (2.57
cm2/s) occurs. The other O2 transport values are higher numerically both above and below the
value in this very resistant layer 3.
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The above narrative was about measured oxygen concentrations at the C1 transect, shown in
the C1 Hex profile (Figure 2.3 a). The following is about the hypothetical behavior of CFM at
the same place (C1 transect) to obtain oxygen concentration profiles as a function of SOD at
seabed. Five water depths and their corresponding oxygen concentration values in Figure 2.3(a)
are used in Equations 2.8 through 2.13. The layer names are shown in the first column of Table
3.2. The CFM input data are seen in columns 2 and 5. Six SOD values were used to obtain six
theoretical profiles as shown in columns 6 through 11 in Table 3.2. A brief study of these
profiles shows a dramatic change in shape that occurs as the SOD is increased from 1.0 to 4.0 gO2/m2.d. Therefore, it is clear that the bed sediment is an oxygen sink that draws oxygen from
the lower layers of the water columns according to CFM.
Table 3.1. C1. Hex Profile Data and Calculated Results based on air/water interface. SOD flux – 8.64 g/m2·d

Layer Name
S/W Interface
Surface (mixed)
Epilimnion
Metalimnion
Hypolimnion
Hypoxic (mixed)
Sediment

Depth
(m)
0
0
0.36
1.45
1.75
3.0
4.0

O2 (mg/L)
(g/m3)
6.4
6.4
4.4
2.4
1.0
0.20
0.20

hi
(m)
0.36
1.09
0.30
1.25
1.0

i
1
2
3
4
5
6

Gradient (ρi+1 – ρi)/hi
(g/m4)
- 5.56
- 1.83
- 4.67
- 0.64
0.00
-

Di
(m2/d)
0.777
2.36
0.925
6.75
∞
-

Ri
(d/m)
0
0.0763
0.622
0.0222
0
-

Table 3.2. Calculated Oxygen Profile Results.

Layer
Name/Index

Di*
(m2/d)

Ri
yi
(d/m) (m)

𝜌O2
(g/m3)

𝜌O2
(-1)

𝜌O2
(-1.2)

𝜌O2
(-1.5)

𝜌O2
𝜌O2
𝜌O2
(-1.6) (-1.7) (-4)

Mixed/1
Epilimnion/2
Metalimnion/3
Hypolimnion/4
Hypoxic/5

∞
1.27
0.17
4.5
∞

0
0.14
3.4
0.017
0

6.4
4.4
2.6
0.80
0.20

6.4
6.26
2.86
2.84
2.84

6.4
6.23
2.15
2.13
2.13

6.4
6.19
1.09
1.06
1.06

6.4
6.18
0.736
0.710
0.710

0
0.35
1.5
1.65
3.0
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6.4
6.16
0.382
0.353
0.353

6.4
5.84
0
0
0

3.1.2. Model Predictions on Effectiveness of Layer Mixing on Increased Oxygen Relief
Below the Pycnocline.
The following is an example calculation of hypothetical results on C1. Hex oxygen profile
with and without mixing the metalimnion layer. The assumed flux for this profile is nO2 = 0.72 gO2/m2·d. Table 3.3 shows the measured profile data in the first and second columns. The third
and fourth columns show turbulent diffusivity Di (m2/d) and layer resistance Ri (d/m), as the
CFM model calculated oxygen transport parameters. Initially the diffusivity D m of oxygen at the
metalimnion is 0.144 m2/d where Rm is maximum at 2.08 d/m. The layer at 1.7 m depth (in this
case, the metalimnion) contributes to 24% of the oxygen transport resistance. Propeller mixing is
assumed to occur at this depth so as to increase this diffusivity by a factor of 100 to 14.4 m2/d. It
is interesting to see that the entire water column responded to the downward mixing of aerated
surface water. However, the targeted bottom water oxygen concentrations are much higher, and
the oxygen is elevated even at the lowest water depths. The layer transport resistance Ri = hi/ 2Di
decreased from 2.08 to 0.0452 d/m. This translates to a decrease in the oxygen transport
resistance at the metalimnion by 94%.
In summary, the steady-state model provided a reasonable outcome for profile C.1. hex. It
captured the trend of top-down measured decreasing concentrations shown in column 2 of Table
3.3. The bed sediment SOD was the single fitting parameter used in the SS model; its values
ranged from 1 to 4 g/m2·d. The calculated concentration profiles produced the range.
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Table 3.3. Gulf C.1. hex Oxygen Profile measured, model fit and projected.

Measured Water
Depth (m)
0.0
0.35
0.85
1.40
1.7
2.0
2.8
3.7

Measured O2 concentration
before mixing (mg/L)
6.30
4.30
3.7
2.80
1.30
0.30
0.0
0.0

D
(g/m2.d)
-0.13
0.60
0.44
0.144
0.216
1.92

R
(d/m)
-2.78
0.83
1.25
2.08
1.39
0.416
--

Calculated O2 conc.
after mixing (mg/L)
6.30
4.40
3.81
2.90
2.89
1.89
1.59
--

3.2. Preliminary Theoretical Models to Determine the Concentration Time History of
Oxygen Transport.
In order to aid in the incipient design specifics about the time between each run of aerators to
result in optimum breaking of stratification, the time response of a stratified water column to
changes in an imposed oxygen content must be studied. Once the targeted high-resistance layer
is destroyed by mixing, it immediately begins to self-reconstruct. However, this process is slow.
Whereas the propeller driven mixing was aggressive due to the input of external wind or solar
powered energy, the energy for reconstruction is not as intense. The shear flow between moving
layers has milder water turbulence. In the vertical, between and across the horizontal flowing
layers, this eddy diffusion coefficient is termed “diapycnal” while in the lateral dimension, it is
termed as the “isopycnal diffusion coefficient”. The numerically smaller diapycnal coefficient
controls the rate of water stratification. Internal wave energy from within the water column
across the layer interfaces must be used. It is a mild form of kinetic energy generated by the flow
shear at the interface junction of the subsurface water layers as noted previously. These layers
are constantly moving in horizontal directions depending on the depth beneath the surface. They
move turning right in the northern hemisphere as a result of Earth’s Coriolis forces. They may
also have differing velocities and in combination, this generates shear at the density difference
interfaces between the layers.
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This can be accomplished by formulating a model that would act as a crude device to
understand the pace of intraphase diffusion of oxygen through a water column. In the specific
case of a 2-layer water column, we need the time (particularly in number of hours/days) in terms
of oxygen concentration and diffusion coefficient to obtain an idea of the length of time-ofresponse for oxygen movement from the layer that has the higher concentration to the other
layer of lower concentration.
In the subsequent sections, two models namely the two-box and one-box models are
explained, formulated and compared which would theoretically help determine the behavior of
the plume and account for the time it takes for the concentrations in the layers to become
uniform.
3.2.1. Two-Box Model.
This is a highly idealized model that illustrates the sluggishness of the intraphase diffusion
process by considering the oxygen movement between two adjoining mixed chambers separated
by a plane with no resistance. This situation is represented by a general two-box model where the
oxygen in the lower chamber (of higher oxygen concentration) at t = 0 with an average
concentration c0210 throughout the chamber. The residual oxygen concentration in the upper
chamber (of lower oxygen concentration) is c0220. As shown in the figure below, the heights of
the chambers are h1 and h2 respectively and D(t)O21 and D(t)O22 are the turbulent diffusivities,
characteristics of the chambers. A material balance on oxygen in both the chambers results in the
following relation:
(t)

c021

(t)

o
o
o
cO21
h1 cO22
cO22
−2DO21 DO22 t
h1 + h2
=
{ + o + (1 − o ) . exp [
( (t)
)]} (3.8)
(t)
h
cO21
h1 h2
DO21 h2 + DO22 h1
( 1 + 1) h2 cO21
h2

Here, c021 is the concentration of oxygen in the first chamber at time t.
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c
Figure 3.1. The two-layer model with solid lines representing the concentrations of oxygen at t = 0 and dashed lines
O2
O21o
representing oxygen concentration at t.

Figure 3.1 depicts the oxygen concentration profiles at t =0. Being well mixed layers, the
concentrations in the upper and the lower layers are both single values, uniform with solid
composition lines throughout. At some later time (t > 0), the oxygen concentration in the upper
layer is lesser, since oxygen is being transported to chamber 2. The current concentrations are
depicted as two vertical dashed lines. As this process continues and approaches t → , the
vertical lines converge to a single uniform value cA21 = cA22 throughout.
Model equation 3.8 depicts the oxygen concentration vs time behavior within a surface layer
between chamber 1 and underneath chamber 2. It can be simplified to a single equation: cA21 (t)
with O2 concentration versus time of contact t and contains six constants - cA21o, cA22, h1, h2, DA21
and DA22. Once the numerical values are set for the six constants, the model equation can be used
to obtain the concentration cA21 at time t. An example calculation is provided below:
Assume the following values for the constants: c A21o = 6 mg/L; cA22o = 0; h1 = h2 = 1 m and
DA21 = DA22 = 0.60 m2/d;
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c

cA21 from the above equation, in terms of time is given by the following relation:
cA21 = 3{1 + exp[−1.2t]} mg/L

(3.9)

Figure 3.2 shows the above equation graphed and represented by the red line. It is evident
that the concentration follows what seems like an exponential decay to an average value of 3
mg/L.
The following model discusses the change in O2 concentration versus time if there was only
one chamber.
3.2.2. One – Box Model.
Consider a layer of oxygen of uniform concentration at cA21o. Consider that over time,
intraphase diffusion takes place in a single autonomous chamber.
Mass balance on the chamber produces the following equation:
o
cA21 = cA21
. exp (

−2Dt
)
h2

(3.10)

Using the same example values as stated in section 3.2.1 and calculating the concentration in
the chamber at any time t (>0) produces the following relation:
cA21 = 6. exp(−0.3. t) mg/L

(3.11)

The above equation is graphed and presented in Figure 3.2 and is represented by the green
line along with the red line representing the 2-box model.
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Figure 3.2. Comparison of the 2-box and the 1-box model

Breaking Hypoxia must involve the disruption of the water density stratification of Gulf
water by mechanical intermixing of adjoining horizontal layers using a vertical rotating shaft
with feathered blades directing the flow of the high oxygen content downward into the low
oxygen content water underneath. Due to the density of the Gulf water naturally increasing with
depth, its buoyancy encourages it to float so that an external energy source of kinetic energy is
required to force the mixing of the two layers.
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CHAPTER 4. MATERIALS AND METHODS
4.1. Lab-Scale Experiments for Breaking Hypoxia.
4.1.1. Standard Fish Aquarium (SFA) Tank Mixing Experiments.
To observe mixing and to evaluate the effectiveness of transport of oxygen, lab-scale mixing
experiments on two stratified layers of different densities were performed with the following
variable parameters: position of the lab-scale impeller relative to the layer interface, mixing
direction and the running time of the experiment. The purpose of these experiments was to show
how the density stratification is being broken effectively by the impeller through mass transport
and to determine which configuration of the impeller was the most efficient in facilitating the
mass transport. This is elaborated in the subsequent sections.
Before proceeding to the discussion, the following terms are defined: species A = salt,
species B = water, A = concentration of species A in water in g/cm3,  = total mass
concentration of water and salt in g/cm3, and B = concentration of B in g-H2O/cm3. Therefore,
by definition,  = A + B. Additionally, mA = mass of species A (salt) in grams; A = area of
cross-section of the fish tank used in cm2, and WA = rate of salt movement in grams of A/min.
The layers thus formed are then subjected to torque from a lab-scale impeller whose head is
placed at different depths relative to the interface. It is run at a moderate rpm (70 rpm) for 5
minutes after the initial salinity readings are taken every 2 cm of depth in the fish tank. The
readings are repeated after the 5 minutes and the experiment is repeated every 5 minutes until
significant mixing is observed. The salinity is plotted as a function of the depth in the fish tank
and timed. The plot is important because of two reasons: first, it allows one to see how the
mixing occurs and how it varies with time. It also allows to calculate the total amount of salt in
the tank and forms the basis of the mass balance and transport, which is fundamentally the theory
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that these experiments are based upon. The theoretical statement on which the calculations are
based upon is that essentially, the total mass of the salt in the fish tank must remain constant at
all times. This can be rephrased as:
Mass of salt at t = 0 must equal the mass of salt at t = 
The mass of salt is calculated by multiplying the mass concentration of the salt with the
volume of the fish tank. This is written as:
mA = ρ A . V

(4.1)

V is the volume of the salt-water in the fish tank which is calculated by multiplying the depth
of the saltwater in the fish tank with the area of cross section of the fish tank. This is given by the
following equation:
V = Δy. A

(4.2)

Where y is the depth of the water in the tank. The total salt concentration in the tank, A is
determined by calculating the area under or over the salinity profiles produced using the
trapezoidal rule, which is outlined in Section 4.1.3. After the total salt concentration is
calculated, the total mass of salt in the glass fish tank is given by the following equation:
mA = A. Δy. {ρA1 + 2ρA2 + 2ρA2 + ⋯ + 2ρA7 + ρA8 }

(4.3)

The area under the graph of the salinity plotted against depth is the measure of the total
amount of salt in the tank, which should theoretically remain constant irrespective of the time.
Figure 4.1 shows a typical salinity profile. The area under this salinity curve is calculated using
trapezoidal rule as well, as it is a reasonable approximation for the area under the salinity profile
especially since the readings are taken at a constant interval of 2 cm.
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Figure 4.1. Typical salinity profile. The horizontal axis represents salinity in parts per thousand (ppt). The vertical
axis is the vertical depth of the glass tank in centimeters.

4.1.2. Salt as a Chemical Surrogate for Oxygen Mixing Across Density Stratified Water
Layers.
Water turbulence generated by propeller mixing results in an eddy diffusion-like chemical
transport process within the density stratified layers of the Gulf. Experiments in laboratory-scale
fish tanks and slightly larger vessels that simulate both the turbulence and the stratification
simultaneously are needed for this project. The use of dissolved oxygen (DO) in our stratified
water microcosm experiments is the preferred chemical of choice for measurements in our
turbulent diffusion experiments. In the case of the eddy diffusion turbulent process, the
chemicals in the water, soluble as well as colloidal matter go along for the ride. In other words,
whatever moves the water phase would also move the chemical. Chemical mobility in the
turbulent water does not reflect conventional molecular diffusion behavior. The molecular
diffusivities, Dm, of the individual chemicals in fresh and saltwater are only slightly different
numerically, but the same order of magnitude: diffusivity of O2 is 2.35  10-5 cm2/s, and that of
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salt (NaCl) is 1.35 10-5 cm2/s. While the Dm values are very similar in magnitude, the turbulent
eddy diffusion coefficients, Dt, in the ocean and Gulf are much larger by a factor of ~10,000 and
are highly variable. This implies that whatever the analytical chemistry methodology used, in the
presence of water turbulence, be it chemical, physical, nuclear isotope, etc., the resulting eddy
diffusion coefficient value to obtain an estimate of D(t) will have the same numerical value. The
uncertainty in the measurement will be a function of the methodology used. So, in an ideal
scenario, all chemicals that receive equal degree of turbulent mixing will result in virtually the
same Dt value regardless it’s chemical Dm value. Salt concentrations in the Gulf water typically
range from ~30 ppt at the surface to ~36 ppt near the seabed. For the lab experiments that were
supposed to be performed, it is enough to simulate the difference in the salinity across the tank at
0 to 5 ppt to preserve salt.
Based on the above facts it seems logical to use a substance that is present in seawater that is
stable, safe, readily available, easily and accurately detected, measured and quantified, as the
surrogate chemical for the O2 eddy diffusion process in laboratory-scale microcosms. Water
turbulence, natural or engineered, in seawater occurs similarly, but measuring salt rather than
oxygen in the seawater is much more convenient. Sodium chloride is cheap, readily dissolves in
fresh water and appears to meet all other the requirements which make it a convenient chemical
substitute for quantifying the turbulent mass exchange process (using eddy diffusion
coefficients) in aquatic systems. It is also worth noting that presence or absence of oxygen in the
GoM water column has no significant effect on the water density. Typically, the oxygen
concentration is in parts per million range from 0 to 8 ppm, which is a thousand times smaller
than the salinity. Oxygen is ubiquitous and highly reactive in earthen media which has a potential
to cause numerical measurement problems attempting to use it as the transport tracer in such
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simulations. Salt is otherwise convenient – it is inexpensive, easy to prepare and be measured at
the desired concentration levels and yield nearly identical oxygen eddy diffusion coefficients in
water.
4.1.3. Trapezoidal rule.
Trapezoidal rule is a numerical integration approach that approximates a given curve
(function) on a graph as a trapezoid and estimates the area under it, thus approximating it to the
integral. Consider the following integral:
b

I = ∫ f(x)dx

(4.4)

a

If the interval through which the integral is performed is cut into n slivers, the integral can be
estimated using trapezoidal rule as:
I =

b−a
2n

f(x0 ) + 2f(x1) + 2f(x2 ) + 2f(x3 ) + ⋯ + 2f(xn − 1) + f(xn )

(4.5)

Where xi is the value the variable x takes at the right end of the ith sliver of the interval. In
this case, the interval is about 16 cm divided into 8 slivers of 2 cm each, in which case the area
under the salinity profile, which gives the total mass is approximated as:
S = {f(x0 ) + 2f(x1) + 2f(x2) + 2f(x3) + ⋯ + 2f(xn−1 ) + f(xn )}

(4.6)

ρA = {ρA1 + 2ρA2 + 2ρA3 + ⋯ + 2ρA7 + ρA8 }

(4.7)

Where Ai [i=1, 2, 3…8] is the mass concentration at the ith interval or at a depth of 2*i cm.
By running the impeller at a constant rate and at a constant depth in the fish tank, one can
examine how the impeller is pumping the water and in which direction. Theoretically, the
impeller should pump the water upwards and downwards at an equal rate essentially breaking the
stratification. This pumping also allows one to calculate the salt displacement rate which gives
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an idea about where the impeller should be placed and the direction of the pumping. This is
further detailed in the following section. Therefore, based on the experiment, the mass of the salt
in the tank must be equal at each run of the experiment. The rate of salt movement W A is
calculated as:
WA =

mA
Δt

(4.8)

Where t = ti – ti-1 or the time the impeller was run for between each experiment (min).
Given the impeller is pumping the same amount of the mixture up and down, the up rate must
equal the down rate. We demonstrate in laboratory experiments that the mixing of specific layers
below the surface but above the interface is the most effective in breaking the density-stratified
water layers which restrict rapid oxygen movement. We are principally trying to mimic and
simulate the vertically stratified water in the Gulf of Mexico’s hypoxic zone, and study the
vertical transport using dyes, oxygen etc. as tracers. Propeller type mixers, impellers etc. are the
equipment being used to break the stratification.
4.1.4. Summary of Preliminary Experiments Performed.
More than 15 preliminary experiments were performed in a standard rectangular fish tank to
determine the most effective configuration of the impeller. The fish tank had fixed dimensions:
50 cm in length, 25 cm in width and 30 cm in height. The purpose of this was to decide the
specifics of the experiments to be performed in greater detail in order to develop an optimum
method of calculating the mass transport rate. The miscible liquids were tap water and green
dyed saltwater at a salinity of 5 ppt. All the experiments were performed using the same
procedure described in Section 4.1.1. and using the same impeller: 3-blade prop, 3 cm diameter
and blades with 30-degree pitch and at a constant speed of 70 rpm with their metal blades
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rotating on their axis. The impeller was placed in one of the following positions: 2 cm above the
interface, 2 cm below the interface or at the interface; and able to thrust liquids upwards or
downwards. The mass transport rate determines the amount of salt displaced and is reported in
g/min after running the impeller for at least 10 minutes. The summary of the results is provided
below and is followed by the rationale to choose the configuration of the impeller placements in
the experiments performed.
Table 4.1. Summary of Mixing Experiments Performed

Exp
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Date
Propeller
(MM/DD/YY) Action/ Flow
Direction
11/29/17
Down
12/12/17
Down

Position (cm)
Relative to the
Interface
2 cm above
2 cm above

12/13/17
12/14/17
12/18/17
1/09/18

Down
Down
Down
Up

2 cm above
2 cm above
2 cm above
2 cm above

1/23/18

Up

2 cm below

1/24/18

Up

2 cm below

1/31/18

Up

2 cm below

2/01/18

Up

2 cm below

3/29/18

Down

At interface

Salt
Displacement
Rate, W (g/min)
0.940
1.83
1.88
1.83
2.10
2.40
0.341
0.181
0.913
0.654
0.894
0.682
0.727
0.827
1.10
0.560
0.481
0.274
0.265
0.229

t (min)

0-30
0-10
10-20
0-10
0-10
0-10
0-10
10-20
0-10
10-20
0-10
10-20
0-10
10-20
0-10
10-20
20-30
30-60
0-5
5-10

The experiments shown in the table above, as mentioned in the previous paragraph, were
performed in different configurations and each experiment yielded varied results. The salt
displacement rate is an important factor – it determines the amount of salt mixing performed by
the impeller which causes the salt to displace from the lower layer to the upper layer. High
values of W indicate more effective mixing and vice versa. This rate was calculated as the
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difference between overall salinities from the salinity profile graphs made between each time
gaps. More detailed explanation is provided in the following sections.
From the experiments above, the configuration that accomplished the least salt mixing was
by placing the impeller above the interface and providing flow upwards. This does not make
sense intuitionally either – the salty bottom layers would barely move if the impeller is not
directing the flow towards it. This is also evidenced from the salt displacement rates reported in
experiments 7 and 8, ranging from 0.18 to 0.34 g/min. Placing the impeller below the layer
interface and providing flow upwards yielded better salt displacement rates ranging from 0.73 to
1.1 g/min as evidenced by experiments 9 to 16. Placing the impeller above the interface and
providing mixing downwards yielded the best results with salt displacement rates ranging from
1.8 to 2.4 g/min reported for experiments 2 to 6 for the 10-minute mixing time period. Placing
the impeller at the interface and providing mixing downwards produced poor results too – the
salt displacement rate ranged from 0.23 to 0.27 g/min, as reported for experiments 20 and 21.
Therefore, from the above analysis, placing the impeller above the interface and providing
mixing downwards seemed like the appropriate choice for the actual experiments.
4.2. Equipment and Experimental Procedure.
To reiterate, the primary goal of this chapter is to show on the laboratory scale that density
stratified layer can be produced, and propeller mixing applied can break the density stratification,
thus breaking hypoxia. Since it’s the density stratification that hinders easy oxygen transport
from sea surface downwards to the low oxygen benthic layer, the aim here is to observe on the
lab-scale how the concentration profile changes to mechanical mixing and to verify if the said
changes provide enough evidence that agrees with the models explained in the previous sections.
Theoretically, the oxygen stratification must be broken through mechanical mixing, and this is
67

achieved through installing a lab scale impeller similar to the one to be employed on field and
breaking the oxygen column through mixing for a period of time. This mixing approach to
breaking stratification is a common chemical engineering unit operation in preparing chemical
mixtures for homogeneous and heterogeneous reactions yielding desired manufactured products
(Derksen, 2011).
4.2.1. Equipment and Apparatus.
The apparatus consisted of the following: (i) two standard rectangular tanks with a depth of
30 cm, length of 50 cm and a width of 25 cm. (ii) 100 g of salt (iii) thin silicone tube with an
internal diameter of about 3/16” (iv) pinch clamp (v) hand-held type salinity probe (vi) a bench
scale impeller.
Setting up the experiment aimed at creating two stratified layers with a salinity difference of
about 5 ppt. This was accomplished by employing two standard rectangular fish tanks, one of
which was placed at an elevation and to which 20 L of water is filled. This was done in order to
create a hydraulic head to aid in siphoning the water from the upper tank to the lower tank.100 g
of salt (NaCl) was added to the same tank to make artificial seawater along with a green dye
(which acted as a tracer) to prepare a 5 ppt solution. The 5 ppt is typical of the density difference
bottom to top in the Gulf; this is shown in Section 4.2. The contents of this tank were to be
siphoned into the other tank which was placed at a lower level to create a hydraulic head
between both the tanks. The lower fish tank was fitted with the propeller such that the blades
were positioned at 2 cm above the 8 cm mark and was filled with fresh water to a height of 8 cm.
The propeller had three aluminum blades with an overall diameter of 3 cm with each blade
spaced at 120 with a 45 pitch (shown in Figure 4.3) and rotated axially so as to direct the flow
upwards or downwards. To siphon, a silicone tube with an internal diameter of 3/16” was fixed
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with one end at the bottom of the upper tank with dye and the other end at the bottom of the
lower tank with clear water. The flow rate is controlled using a pinch clamp and the flow rate
from the upper tank to the lower one is set very low so as to not disturb the interface between the
two layers. In doing so, over time, with the flow rate set, the green salty water from the upper
tank is siphoned to the bottom of the lower tank thus displacing the fresh water upwards. The
tube is detached from the upper tank when the height in the lower tank reaches 16 cm. The result
is two distinct layers with a green salty layer at the bottom, thus (roughly) mimicking the density
stratification in the Gulf on the lab-scale.
The experimental apparatus is shown in Figure 4.2 and consisted of a standard rectangular
fish tank made of glass which contained two layers of water – a salty bottom layer with a salinity
of 5 ppt with green dye as a tracer and a fresh water upper layer. The fish tank was rectangular in
shape, with a length of 50 cm, breadth of 25 cm and a n overall height of 30 cm, which made the
total volume approximately 37,500 cm3. The heights of both the layers were equal with an
interface at a height of about 8 cm, which made the total height of the water about 16 cm. Both
the layers were stationary prior to mixing.
The apparatus also contained a lab-scale rotating impeller with an outer diameter 3 cm,
shown in Figure 4.3 whose blades were kept at an angle of about 45 facing so as to push water
downwards and its head kept about 1-2 cm above the interface. This was done in order to
facilitate downward mixing to potentially break the stratification.
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Figure 4.2. Initial experimental apparatus sketch – standard rectangular fish tank with two distinct water layers
occupying the same height of 8 cm. The layer interface is shown in blue. The impeller is not shown for the sake of
simplicity. The longer the impeller is run, the more the water column becomes uniform, illustrating the breaking of
hypoxia.

Figure 4.3. Sketch of the impeller head used consisting of 3 blades, each angled at 45 upwards.
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The concentration of salt in the layers was measured in ppt (parts per thousand, standard
salinity units) by a marine salinity probe. The salinity probe was a handheld type with an
electrode probe attached to the end. It was inserted into the fish tank at constant depths of 2 cm
intervals from the surface to obtain the salinity profile readings (the depth positions are shown in
Figure 4.2). This was accomplished with the help of a measuring tape attached to the outer wall
of the fish tank to measure the distance from the air-water interface (i.e. the water depth).
The first measurement was taken prior to running the impeller to produce the initial salinity
concentration profile at t = 0 min. This initial profile also reflects any mixing due to the
siphoning of the salt solution into the bottom of the tank containing fresh water. Clearly, some
mixing of the solution in the layers has resulted from the entry-water jetting action. Additional
mixing could be attributed to the water turbulence induced along the interface junction of both
the layers; kinetic energy and shear forces act as the layers move horizontally across the tank.
The density is directly related to the salt content of the layers – the higher salinity, the higher is
the water density.
The propeller shear mixing produces the concentration profiles that are shown in Figure 4.4.
To initiate the profile experiment, the impeller was run at 70 rpm for 5 minutes and a salinity
measurement was taken at every 2 cm vertical positions. The running of the impeller and the
salinity profile measurements were repeated every 5 min until the total time was 20 min. The
salinity measurements are then plotted against water depth producing a salinity profile that
mimics the stratification process and the initiation of its destruction (shown in Figure 4.4).
Presumably, such a mixing process will occur with impeller mixing in the Gulf. The salinity
profiles show the progress of mixing in the SFA. The shear mixing added to the mixing of the
siphoning process to yield the initial profile is at time t = 0 min. The total salt rate is then
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determined by calculating the area under the graph produced. It was estimated using trapezoidal
rule. This mathematical procedure was presented earlier in 4.1.3. It was carried out to help
visualize and to estimate how the propeller transports salt between the two layers, thus
mimicking destratification that would hypothetically occur in the Gulf of Mexico.
Figure 4.4 shown below contains typical salinity profiles obtained in the laboratory using the
procedure detailed above. The values of the salinity shown for time t = 0 are the values before
the rotation of the mixing impeller began. As is clear from the figure and the data in Table 4.2,
the salinity values change dramatically across the interface that separates the two layers. It is to
be noted that the relative position of the profiles become inverted as the time progresses. This is
laboratory evidence where the stratification was present and now is broken by the impeller.
Running the impeller at a period of 5 minutes pumps the salt from the lower layers to the upper
layers, as is apparent from the Figure 4.4. The salinity in the upper layer increases with mixing
time while in the case of lower layers, the results are not as clear with the time behavior.
However, the mass of the salt is conserved, and its concentration is reduced due to dilution by
less salty water exchanged from above.
The light blue line represents the salinity profile of the system at 20 minutes run time. It is
therefore reasonable to infer from the data and in Figure 4.4 that the impeller is fairly successful
in enhancing the mixing between the two layers. During mixing, the salt moves by a turbulent
diffusion process producing a lower salinity concentration layer below and a high concentration
layer above. If the impeller remained in place and the mixing occurred for several hours to days,
there would be a uniform ~2.5 ppt salinity throughout the tank. This was not the purpose of the
experiment. However, the quantity of the salt in the fish tank remained constant; the last row of
Table 4.2 shows this under the label “area under the graph”. Although not constant, the average
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amount of salt in the fish tank in grams is 34.65 with a standard deviation at 0.79 and COV at
0.023 indicating that the quantity is nearly constant statistically.
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Figure 4.4. The salinity profile of a lab experiment performed. Water with a salinity of 5 ppt with a green dye tracer
is siphoned into fresh water at a depth of about 8 cm so the total depth after the simulation is about 16 cm. The readings
are taken every 2 cm till the bottom of the tank. The interface between the two strata (pycnocline) can be seen from
the graph at about 8 cm.
Table 4.2. Typical Salinity Profiles in ppt.

Time (min) →
depth(cm) -2
-4
-6
-8
-10
-12
-14
-16
Area Under the Graph

t=0
0.506
0.501
0.516
0.966
2.56
4.65
5.15
5.26
34.452

t=5
0.584
0.687
0.764
0.823
1.88
4.51
5.16
5.35
33.582

t = 10
0.735
0.824
0.864
0.914
1.88
4.69
5.3
5.39
35.069

t = 15
0.714
0.923
0.974
0.983
1.91
4.86
5.16
5.36
35.694

t = 20
0.926
1.02
1.05
1.06
1.31
4.31
5.31
5.4
34.446

As the time increases, as is clear from the salinity profiles, for the breaking stratification to
be accomplished, more salt is required to move both upward and downward the water column,
which implies that a constant amount is always present. From the lab-scale experiments, it is
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evident that the impeller was able to disrupt the stratification of the fish tank by pumping the salt
from the lower layer to the upper layer. Numerous such kinetic mixing experiments were
performed to observe and quantify the salt movement rate.
The data in Table 4.2. helps determine the mass rate of salt transport (g/min) by the impeller
in the upward and downward directions. These values are required to compare how the salt is
being transported in the vertical direction and would aid in understand the position below the sea
surface the impeller should be placed. It is worthwhile to note that vertical variations in water
temperature and salinity variations with depths work together to produce the density differences
observed in the Gulf. The oxygen concentration variation with depth is in the parts per million
range and clearly not a factor which affects the water-density variations to a significant extent. In
other words, the transport rate of oxygen is dominated by the water turbulence process which is
why propeller design is so important. Surface waves exist at the atmosphere-water interface
between these phases where the shear forces are large, as witnessed by the magnitude of water
waves during storm events at sea. Internal waves form at depths where water density
discontinuities exist. Waves are present at both the interfaces; however, internal waveforms are
typically less energetic. Their size, frequency, length and magnitude are different, as is their
kinetic energy. The oscillatory wave movement and kinetic energy at depths in the water column
generates internal turbulence which gives rise to a vertical eddy diffusion process. It is known as
the key mechanism to transport oxygen and other chemicals and particles vertically in marine
waters.
4.2.2. Algorithm Development for Propeller Pumping Rate.
The calculations to calculate the salt displacement rate of are carried out by dividing the
liquid volume into two layers: an upper layer from the air-water interface at depth d = 0 to a
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depth of d = 8 cm where the layer interface is; and a lower layer from d = 8 cm to the bottom of
the tank at d = 16 cm. The mass up and down rates are therefore calculated by finding the
difference in the areas between two curves (representing different times) in the upper and lower
layers separately and multiplying them by the base area of the fish tank followed by dividing the
resultant value by the time interval. For the first 5 minutes, it is elaborated below:
The dashed line at a depth of about 8 cm represents the interface between the saltwater layer
below and the fresh layer above. The difference in the area under the orange line and the blue
line in the upper half of the chamber represents the difference in salinities over the height of the
upper layer in parts per thousand centimeters (ppt.cm). The aforementioned value is converted to
g/cm3 by multiplying by a factor of 10-3 and the resultant quantity is denoted by Su, which
represents the density of salt in the water. The mass transport rate of salt into the upper chamber
mu (g/min) provided by the impeller run for 5 minutes is therefore given by the following
equation:
mu =

Su × A
× 10−3
t

(4.9)

Su is the difference in the concentrations of salt in the upper layer between t = 0 and t = 5 min
in g/cm3.cm, A is the area of cross-section of the tank in cm2 and t is the time in minutes. In this
specific case, A = 50 × 25 cm2 = 1250 cm2 and t = 5 min. This yields the following equation for
the mass rate of transport of salt in the upper layer for the first 5 minutes:
mu = 0.25 × Su

(4.10)

The area under the graphs of the upper layer are calculated using trapezoidal rule from depth
d = 0 cm to d = 8 cm at t = 0 and t = 5. At d = 0, all the values of salinity are assumed to be 0.
The area under the upper layer at t = 0 is given by:
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S|t=0 = (0 + 0.966) + 2*(0.506 + 0.501 + 0.516) = 4.012
Similarly, the area under the upper layer at t = 5 min is:
S|t=5 = (0 + 0.823) + 2*(0.584 + 0.687 + 0.764) = 4.893
Therefore, from the above two values, the mass transport rate to the upper chamber from t =
0 to t = 5 is:
(4.012– 4.893) × 1250 × 10−3
mu =
= 0.22 g/min
5
Similar calculations are performed between every run of 5 minutes and one calculation for
the entire run of 20 minutes.
Similarly, the area under the graphs in the bottom layer are calculated using trapezoidal rule
from depth d = 8 cm to d = 16 cm and similar method is followed to yield the mass transport to
the bottom layer for every 5 minutes and for the entire run. The results are summarized below.
Table 4.3. Areas in the upper and lower layers for every run

t (min)=
Upper Area
Bottom Area

0
4.01
30.95

5
4.90
29.27

10
5.76
30.04

15
6.20
30.20

20
7.05
28.32

Table 4.4. Comparison of the up and down salt displacement rates in both the chambers

t* 0-5
MT rate to upper
0.22
chamber (g/min)
MT rate to bottom
0.42
chamber (g/min)

5-10

10-15

15-20

0-20

0.22

0.11

0.21

0.19

0.19

0.04

0.47

0.16

*t is the time range: it represents the timestamp of each run in minutes.

The following narrative compares the chemical and fluid movement aspects highlighting the
similarities of the results observed in each; although the computational results reflect a
cylindrical baffled tank while the fish tank microcosm was a simple rectangular tank.
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4.3. Blending of Miscible Liquids - A Computational Study.
The blending of two miscible liquids is a unit operation of interest to chemical engineers as a
step in manufacturing by new chemicals. Oftentimes, the liquids are of different densities, so
they segregate by density and propeller mixing blending operation is required. The mixing in
stratified fluids has received considerable attention in environmental fluid mechanics (Derksen,
2011). Flows driven by buoyancy or stabilized by density differences are plenty in oceans and
the atmosphere, the oceans have density differences due to water streams having different
salinities and/or temperature. Derksen (2011) performed a computational study on mixing
starting from an initial situation where a lighter liquid sits on top of a heavier liquid. Vertical
mixing by impellers in such stratification is fundamentally an energy sink in addition to viscous
dissipation.
Although extensive experiments on agitation of miscible liquids have been reported,
computational studies in stable stratified liquids are limited in number. The stirred tank is
conceptually simple, it is an upright cylinder with four vertical baffles positioned along on inside
wall and four 45 pitched blades on a shaft are placed at 2/3rd position from the top of and
centered on the tank bottom. The perimeter of the baffles prevent liquid from largely rotating as
a solid body.
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Interface

Figure 4.5. Vertical concentration profile in stirred-baffle tank (modified from Derksen (2011)). c = 0 is the light fluid
and c=1 is the heavy fluid. At t = 0, all light fluid in the upper layer and all the heavy liquid in the lower layer. The
initial interface propeller position is shown.

At time t=0, the impeller starts and rotates the blades at constant angular velocity. By varying
the Reynolds Number (Re) and the Richardson Number (Ri) respectively as measures of the
buoyancy forces over inertial forces in the two-dimensional space of the tank in numerous
numerical simulations, the concentration vs position behavior with mixing-time can be obtained.
Such a profile appears in Figure 4.5. where the dimensionless scalar concentration c which is
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used to determine the mixture density is placed on the vertical axis and positioned within the
tank shown on the horizontal axis. The three curves are for three dimensionless time-of-mixing
values. The solid line is for tN = 18; the dotted line is for tN = 48 and the dashed line is for tN =
98. N is the impeller tip speed and Re = 6000. The horizontal line locates the initial interface
position between the two liquids.
Figure 4.5. displays quantitative results of the evolution of the tank mixing process by means
of vertical concentration profiles; three profiles are shown. These are cross-sectional averaged
and time-smoothed profiles described in the previous paragraph. Initially, tN = 0 with the upper
layer containing all the light fluid with c = 0 and lower layer with all the heavy fluid with c =
1. As time progresses, erosion occurs at the interface where the low-density liquid is forced
downward by the impeller. It quickly mixes in the lower part of the tank. Due to equal volume
exchange across the interface, this leads to a slight buildup of high-density liquid in the upper
region of the tank and tN = 18, shown by the solid line. This fluid volume exchange process
continues with time. At tN = 48 time, the concentration profile is the dotted line; and later at tN =
98, the dashed line concentration profile is attained. As this develops, it should be noted that the
upper-layer profiles are vertical in shape with scalar concentration increasing with time. The
reader should note that the profile-time behavior in the bottom layer is very different. Basically,
these scalar profile lines are mostly horizontal in shape. Over the three time-periods of increasing
scalar concentrations in the upper layer, the scalar concentrations in the lower layers were
decreasing in magnitudes on average. Another gross behavior characteristic noted is that the
scalar rate appears to decrease in magnitude with mixing time and the depth of the fluid
penetration is shallow in the lower layer. It does not reach the tank bottom.
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In summary, it seems that the initial impeller position and direction of rotation to pump the
fluid up or down matters significantly. Now, the focus must be put on the SFA salinity profiles
that appear in Figure 4.4. The general similarities of profile developing behavior patterns; final
shape and relative layer are obvious. However, the SFA has a rectangular shape and has no
baffles along the inside wall whereas the chemical process mixing tank has baffles and is
cylindrical in shape. In each case, the propeller blades are feathered to move liquid from the
upper layer to the lower layer in the act of destroying stratification which would ultimately break
hypoxia. As these mixing steps precede in the stratified Gulf layers, oxygen can be easily
transferred from upper mixed layer into the bottom layers. As Derksen (2011) explains it:
“Below the interface the scalar concentration is quite uniform and gradually increases as a result
of turbulence attacking (eroding) the interface from below, and the impeller effectively spreading
the eroded scalar through the portion of the tank below the interface.”
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CHAPTER 5. FIELD -WIDE CASE STUDIES: SUBMERGED IMPELLER
AERATION IN STRATIFIED FRESHWATER LAKES
While remediating hypoxia in the Gulf of Mexico through installing field scale impellers
geometrically has not been proposed before, there are other case studies in Lake Como, Italy and
Lake Elsinore that used impellers to mix the stratified water layers. It is noted that there are
massive differences in the dynamics of lakes and oceans – water columns in oceans are
constantly in turbulent motion which makes the design and modeling of impellers more difficult
and cumbersome, due to the difficulty in accounting for turbulence. The following sections delve
into these case studies in order to guide the future design of the proposed reaeration in the GoM.
5.1. Lake Como.
In a pilot scale investigation carried out by Morillo et al. (2009), a vertically downward
pointing impeller on a floating raft to remove polluted water from a coastal margin was installed
and tested. After an intensive 8-day field study, a numerical hydrodynamic model was validated
that shows that six impellers, with the optimum thrust, could be used to reduce the pollutants
adjacent to the city of Como by half within two weeks.
This study is used to validate the propeller mixing hypothesis presented in this document by
performing rudimentary calculations using data and assumptions already present in literature.
This manuscript proposes the idea of engineered mixing of a water layer at a certain depth (of
around 1 m). In the case of Gulf of Mexico, this layer, which marks the approximate boundary
between the brackish Mississippi river and the marine Gulf water. Its presence dominates the
transport resistance of molecular oxygen moving from the upper mixed layer adjacent to the
atmospheric source downward and through the remaining stratified layers to the low oxygen
bottom waters. The movement of small quantities of oxygenated water raising the bottom water
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dissolved oxygen (BWDO) even by 1 mg/L is sufficient enough to create a life sustaining
environment for marine life.
In the aforementioned study, a motor rated 4.4 kW was mounted to a raft and run using tracer
consisting of rhodamine dye which was released into the flowing stream of water as the impeller
was run at 41 rpm. The thrust of the impeller was 3620 newtons (Morillo et al., 2009).
Using a mass/energy balance study based upon the aerator operating conditions in Lake
Como it has been shown that the actual work done by the impeller equated to 10.6 kW. Even
though the value is greater than the claimed 4.4 kW, it still is quite low when compared to the
substantial effect it had on Lake Como.
5.1.1. Study Assumptions.
A steady-state system is assumed so that the work W = 0. The system is best simulated as a
vertical water column equivalent to the diameter of the impeller which is 2.5 m. The control
volume is defined by the area swept by the impeller, with no flow at the wall boundary. The
density of the lake water is considered constant throughout the control volume, as is the viscosity
of water so that the velocity gradient across the column, dv/dy is 0 with respect to the depth dy.
Calculations are made based on the assumption that the impeller drives the dyed water down to a
depth of 5 m at which point the momentum would take over and the flow direction of the water
is horizontal. Atmospheric pressure conditions were assumed with the temperature remaining
constant at 20C throughout the column. The rhodamine dye was concentrated enough that its
dilution in the water did not affect the buoyancy flux so as to influence the downward water
transport. The water at the surface of the lake was assumed to be sufficiently pure so as to allow
for equations assuming the density of pure water to be accurate enough for the purposes of
computational analysis. With most of the factors assumed or fixed, only the buoyancy force and
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the rotation of the impeller remain as the deciding parameters in regard to water plume
penetration depth.
5.1.2. Calculations.
The control volume, as mentioned above, is the area underneath the raft defined as a vertical
column of water bounded to the left and right by the width of the propeller blades down to the
depth of neutral buoyancy where water shifts from vertical to horizontal movement. In the
unbounded and unrestricted homogeneous control volume underneath the Lake Como
experiment’s 3620 N thruster, the kinematic viscosity of Newtonian fluids will be valid. The
dynamic viscosity of water is 8.9 x 10-4 kg/m.s2 – which is essentially a measure of force per unit
are, but since the fluid is in motion, the more appropriate value to use would be that of the
kinematic viscosity, which is 0.010037 cm2/s, and this value is based on atmospheric conditions
at 20c. Since steady state is assumed, the only loss of energy is due to friction (Ev), which in
this case is caused by the work done by the motor and is related to viscosity of water by the
following equation:
Ev =

1
L
. W2 . v 2 . . f
2
Rh

(5.1)

In the above equation, L is the assumed impeller impulse range of 5 m, Rh is the hydraulic
radius, f is the friction factor and v is the velocity of the fluid flow. This loss is equivalent to the
amount of work put into the control volume in order to drive the rhodamine dye down to a depth
of 5 m at which point it is believed to continue on to its final depth of 15 m carried by its
momentum. W2 is the mass flow rate.
The mass flow rate of the impeller is 4 m3/s. Therefore, the velocity of flow can be calculated
using the following equation:
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4 m3 /s
v=
= 0.81847 m/s
4.9087 m2
The Reynolds Number is defined as:
𝑅𝑒 = 𝐷. 𝑣⁄𝜈

(5.2)

where D is the characteristic diameter of the flow channel, which in this case is equal to the
diameter of the impeller.  is the kinematic viscosity and v being the velocity of the flow. Using
the values in the study:
Re =

0.81487 m/s × 2.5 m
= 2,029,665
1.0037 × 10−6 m2 /s

This corresponds to turbulent flow and its corresponding f value is 0.0028 (Bird, 2002). The
control volume area is equivalent to the area of the vertical cylinder formed by the impeller
whose diameter is D = 2.5 m, which is given by A =

πD2
4

= 4.9087 m2 . The hydraulic radius, Rh

is calculated by dividing the cross-section of the control volume divided by the wetted perimeter,
which in this case is (D). Therefore, Rh = D/4 = 0.625 m. The mass flow rate W2 is calculated
by multiplying the density of water at 20c which is 998.2 kg/m3 with the flow rate in m3/s.
Therefore, W2 = 998.2  4.9087 = 4899.86 kg/s  4900 kg/s
Therefore, from Equation 5.1, the power of the impeller is calculated as:
1
5m
Ev = (4900 kg/s) . . (0.818 m/s)2.
. (0.0028) = 10,600 kg. m2 /s 3 = 10.6 𝑘𝑊
2
0.625 m
5.1.3. Discussions.
The calculated work done by the impeller, 10.6 kW is substantially more than the claimed 4.4
kW, yet it is a small value in comparison to large commercial aerators which expend thousands
of kilowatts. This relatively low power consumption needed to create a plume of 400 m
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diameter is an encouraging occurrence which shows that the idea presented in this document to
mitigate hypoxia in the Gulf of Mexico dead zone by using impellers is plausible. Just as the
rhodamine-dyed surface water mixes with higher density seawater at a depth, so will the lighter
oxygenated fresh surface waters of the Mississippi River mix with dense hypoxic saltwater of the
Gulf of Mexico at similar neutral buoyancy depths along the Louisiana Gulf Coast.
The low power mixer in distributing rhodamine-dye horizontal plume throughout the lake
shows great promise for the use of similar techniques in breaking hypoxia in the Gulf of Mexico
dead zone. Lake Como is a shallow lake with a river interface that is reminiscent of the
Mississippi River as it enters the Gulf of Mexico. This calculation supports that the idea
presented in this manuscript that centers around using low energy impellers which facilitate the
mixing of oxygen rich surface waters with hypoxic bottom waters is valid.
5.2. Lake Elsinore.
This is the second case study (Lawson & Anderson, 2007) being used to assess field scale
experiences gained applicable to breaking hypoxia in the Gulf of Mexico. The Gulf shelf water
column is a shallow ocean stream along the shelf waters of the northern Gulf with depths from 3
to 30 m from Louisiana to Texas. Lake Elsinore is even shallower and reaches a depth of 11 m
when it is at the fullest to 5 m during dry years. The Gulf hypoxic footprint as mentioned
previously averages at around 14,300 km2, and is much larger than that of Lake Elsinore, which
averages at 11 km2, yet similar in behavior - eutrophic and stratified during summer. It has a
relatively flat bottom sediment which in warmer months can have a high oxygen demand due to
microbial action. In this study, twenty axial flow pumps were used in a three-year study to
quantify the effectiveness of destratification and increasing DO levels at bottom waters.
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5.2.1. Methods.
Due to its size, the entire lake was used as the study area. The pumps were grouped into five
lake sections, each consisting of four pumps. Each 3 HP pump was installed with a single blade
axial downflow impeller with a diameter of 1.8 m and positioned 2 m below the surface. One set
of five pumps was placed at each of the five locations. The locations were spaced along the
perimeter of the deepest parts of the lake near its center.
The total kinetic energy (TKE) of the pumps was estimated using the following equation:

TKE =

V. u2 . ρ
SA

In the above equation, V is the volumetric flow rate of the pumps, u is the flow velocity,  is
the density of water (1000 kg/m3) and SA is the area of the lake, which was 10 km2 in 2004 and
14 km2 during 2005. The measured pump velocity was 0.72 m/s, and the pump flow rate for each
pump was 1.89 m3/s. Therefore, for four pumps, the volumetric flow rate turned out to be 7.56
m3/s. Therefore, the calculated TKE for each…
5.2.2. Calculations and Discussions.
In order to gauge the effectiveness of the axial flow pumps in mixing water, their ability to
affect the thermal stability of the lake over time was assessed. From a previous study (Kling et
al., 1989) that correlated thermal stability with maximum depth, the following relationship
(called Logszmax) was used to measure the said effectiveness:
LogS = 0.416 + 1.48 × log zmax
Where S is thermal stability (J/m2) and zmax is the maximum depth (m). The average TKE of
the pumps was calculated to be over 70 times greater than the TKE imparted by natural winds
over the lake. This implied that the pumps should be able to turn over lake waters and have a
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significant effect on the thermal stability. However, the predicted thermal stability of the lake
was only reduced by 3 J/m2 during the 2 and a half months of pump operation. This equated to an
actual TKE of 5 x 10-6 W/m2 by all twenty pumps, which implies that using pumps would be
futile as they would barely transfer any kinetic energy into the lake waters.
Another method (Lawson & Anderson, 2007) to analyze the power input of the pumps into
the lake considered the electrical power consumed by the pumps and their ability to impart this
power into practical mixing of the water over the average lake area of 10 km2. This value was
calculated to be 0.011 W/m2, which meant that the pumps were not effectively delivering
sufficient kinetic energy to facilitate mixing in the lake.
In marine propulsion and pumping of fluids, a phenomenon called cavitation may occur
which refers to the creation of air bubbles in the flow of a propeller or pump due to low pressure
regions created by the force of the impeller’s pumping action. Cavitation bubbles which collapse
near the area of impellers can damage the metal of the pump and so this close in cavitation is
undesirable. Although actual cavitation was not reported in the study, the pumping action of the
impellers did create damaging local circulation which removed sediment from the bottom of the
lake. In the power calculations, the moved sediment was not attributed to be a part of the work
done by the pumps. Therefore, the energy balance calculations presented in that study are
inaccurate and incomplete. This is further corroborated by localized circulation as a result of the
high velocities induced by the pumps in their direct vicinity, which added to the conclusion
presented in the study that the pumps could not impart enough power to the lake to cause
destratification. As a result, a localized circulation cell of high-water flow velocity develops
around the area of the pumps, where downward velocities of nearly 0.5 m/s were shown in the
vicinity of the pumps. In addition, the study reported scouring of bottom sediments at the bottom
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of the lake as a result of the high velocity flow from the pumps. Also, the calculated TKE in the
area of the pumps is very large as (1.89 m3/s  (.72 m/s)2  1000kg/m3)/ 2290 m2 = .428 W/m2 
20 pumps for a total of 8.56 W/m2. This large TKE from the high velocity flow generated by the
20 pumps showed that the pumps imparted a great deal of energy into the lake.
5.2.3. Analysis of the Calculated Power.
The same assumptions outlined in section 5.1.1. are made for calculating the power in this
study. The procedure and the equations used previously in section 5.1.2 for calculating the power
produced by the pumps in Lake Como are used in this study as well. Using the same symbols
defined in 5.1.2, the following is the procedure to calculate the power of the pumps used in
destratifying Lake Elsinore:
The area of the control volume is calculated as A = (D2)/4 = 0.545 m2. The hydraulic radius,
Rh is calculated as D/4 = (1.8 m)/4 = 0.45 m. The flow rate of the impeller reported in the study
was 1.89 m3/s. Therefore, the velocity of the flow is calculated as
1.89 m3/s
v=
= 0.7426 m/s
2.545 m2
The Reynolds Number Re is therefore calculated as:
Re =

0.7426 m/s × 1.8 m
= 1,331,753
1.0037 × 10−6 m2/s

The above value indicates that the flow is turbulent with a corresponding f value of 0.011.
Similar to 5.1.2., the mass flow rate W2 is calculated by multiplying the density of water (at
20c) to the area of the volume flow rate and is given by W2 = 998.2 kg/m3  1.89 m3/s = 1886.6
kg/s. For twenty impellers, this translates to a total mass flow rate of 37,732 kg/s which is more
than 9 times the mass flow rate reported for the impeller used in Lake Como where it was
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successful in mixing a plume of the rhodamine dye through the stratified layer of the Lake at a
depth to mix a large area of water in a few days.
Using Equation 5.1, the thermal losses suffered by the system is calculated as:
Ev2 =

1
5m
. (0.7426 m/s)2.
. (0.011) = 2.66 m2 /s2
2
0.45 m

In conclusion the analysis of this case study shows that the actual power input of the pumps
into the lake was in error. The movement of sediment in the energy balance and the energy lost
by turbulent circulation were not accounted for, which resulted in overpowering the system.
Analysis of total energy by mass-energy balance tells a true story as to the actual magnitude of
power applied to the lake by the pump system. In effect, the efforts to destratify Lake Elsinore
proved unsuccessful because the system was over-powered and created an ineffective turbulent
flow.
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CHAPTER 6. CONCLUSIONS AND DISCUSSION
6.1. Summary.
Hypoxia is a deleterious condition that occurs worldwide characterized by the lack of
adequate amount of dissolved oxygen in water bodies and stubborn density stratification which
occurs as a result of seasonal eutrophication and human input. Quantitatively, hypoxia is defined
as the condition where DO levels negatively affect organisms in a marine environment and
occurs when DO in any water column falls below 2 mg/L; it is termed as anoxia at its most
severe, when the DO falls below 0.5 mg/L. It has been reported in numerous marine systems
including Chesapeake Bay, Gulf of Mexico, Kattegat, Lake Como, Lake Elsinore, Baltic Sea etc.
Hypoxia and anoxia negatively affect the ecology by posing a fatal threat to the fauna that thrive
in the regions affected by it and the economy by hampering the production of seafood that is
crucial for revenue and livelihood of the many farmers and seamen who rely on fishing as a
means to live. Climate change and global warming directly accelerate hypoxia, although their
correlation is still unclear (Rabalais et al., 2010). Hypoxia became a global threat at the end of
the 20th century when oxygen depletion in marine environments barely showed any signs of
improvement, coupled with the fact that DO is among the most important ecological variables to
coastal marine systems that varied so radically over such a narrow period of time. (Diaz &
Rosenberg, 2008). Many factors have been identified as the causes for hypoxia including
stubborn stratification, algal photooxidation and phytoplankton growth, eutrophication, nutrient
run-off, increase in the accumulation of organic carbon, and human inputs such as increased
fertilizer use; with the interplay among these factors tremendously exacerbating its overall
impact.
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Hypoxia in the Gulf of Mexico is the second largest in the world with an area averaging at
15000 km2, although widely varying annually, and being measured since 1985. It is partly a
result of the strong stratification that forms in the pycnocline every summer restricting vertical
mixing and reoxygenation of the bottom waters, producing an expansive hypoxic zone. The
Mississippi River basin plays a massive role in the magnitude of hypoxia, due to a drastic
increase in the nutrient loadings, annually discharging around 1.6 million metric tons of nitrogen
and 10,000 metric tons of silica into the basin and therefore into the Gulf.
While previous attempts to remediate hypoxia mainly focused on controlling the nutrient
loadings discharged into the Gulf by the Mississippi Basin, besides proposing effective yet cost
intensive ideas like aeration through nanobubbles or in-situ oxygenation, this document aims to
mitigate hypoxia in the Gulf of Mexico by providing a simple engineering-science based solution
by proposing to install submerged field-scale horizontally rotating impellers targeting specific
layers in the pycnocline of the Gulf of Mexico. These impellers should ideally break hypoxia by
recirculating fresh oxygen-enriched upper water layers downwards into the oxygen-devoid
hypoxic lower layers.
To substantiate the hypothesis, the behavior of oxygen is explained in Chapter 2- first by
discussing its availability in oceans, then by explaining its natural transport in the Gulf of
Mexico. Then, annual and monthly shipboard oxygen sampling process in the narrow Gulf Shelf
was presented. This was followed by a brief explanation on recirculation of oxygenated water
carried out by field-scale submerged impellers targeting specific stratified water layers which
offer the most significant resistance to vertical oxygen transport, thus breaking hypoxia.
The focal point of this thesis is the Constant Flux Model, which essentially forms the
foundation of the hypothesis and serves as a theoretical evidence to break hypoxia. It was
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introduced and developed as a series of flux equations that principally surmise the oxygen
transport that occurs in the Gulf. This model is derived from a classical Advection, Diffusion and
Reaction Model. These equations are combined as resistances so as to identify and understand
the layers that, in essence, offer resistance to vertical oxygen transport. Specific regions called
choke points are defined as these layers that restrict oxygen transport in the lower layers of the
Gulf. Using an example of the oxygen concentration profile of a defined transect (C1) produced
from a sampling sortie during 2015 annual shelf wide cruise, the application of CFM was
demonstrated to identify the so-called choke points, doing which presumably enabled oxygen
transport by mixing. In addition, theoretical models discussing the time-response of the change
in oxygen concentration through mixing was briefly touched.
To provide practical evidence of hypoxia breaking, lab-scale experiments were developed
and performed. They consisted of running a lab-scale impeller in a standard fish tank containing
two distinct layers of fresh water and artificial saltwater dyed green. In tandem, vertical salinity
profiles against depth were developed by taking salinity measurements using a lab-scale
electronic salinity probe. These profiles were evidence that the density stratification was being
broken by using an impeller since the resultant profiles produced a more or less uniform salinity
gradient.
This was followed by detailing specific case studies where a similar approach was used to
tackle hypoxia. Though both the case studies – one in Lake Como, Italy and the other in Lake
Elsinore, California – were lakes, they are instrumental in providing an insight on a broader
scope. This was discussed in Chapter 5.
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6.2. Conclusions and Future Work.
While many engineering solutions to mitigating hypoxia such as bubbling of oxygen and
injection of oxygen-saturated water have been proposed and shown potential, mitigating hypoxia
through subsurface aerators has not been conceptualized before. The engineering approach
presented in this document to tackling hypoxia by employing submerged vertical rotating
impellers to facilitate oxygen mixing relies on simple chemical engineering principles to break
the density stratification - one of the defining characteristics of hypoxia. The idea of mechanical
oxygen reaeration through subsurface impellers is also relatively easy to scale-up since hypoxia
tends to occur in the same areas each year. The propellers may be powered via solar panels or
through wind energy. The theory presented thus far is strong and holds ground for the Gulf of
Mexico dead zone. Evidence on the lab-scale has also been shown, and the computational results
presented are encouraging.
The Constant Flux Model serves as a good benchmark in developing the aforementioned
solution, even though it is drastically simplified. Propeller mixing is an old technology which has
been applied as surface aerators for other applications. However, the idea presented in this
document with CFM strengthens this by using field measurements to identify and target the said
choke points – the specific water depths which offer the most resistance to vertical oxygen
transport. The field data used also indicate that these layers are very thin – a fraction of a meter,
and this increases the specificity of targeting which would not only aid the design of these
propellers in the field-scale, but also reduce the energy requirements. This model offers a wide
scope for deeper analysis and allows plenty of room to build upon the existing hypothesis for
other oceanic accommodations. While only the framework has been established, it shows
promise in that it can effectively recirculate oxygen from the oxygen rich upper water layers to
the lower oxygen-devoid layers.
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The research, although preliminary, has fortified our understanding of the dynamics of
hypoxia and how by simply identifying certain choke points in the Gulf water column that
restrict oxygen transport allows for its destruction. As mentioned earlier, the field data used for
preliminary calculations in Chapters 2 and 3 are not reliable as the transect data are typically
measured at a certain point (transect) which are liable to change over space and time. Therefore,
more realistic onsite oxygen flux values are needed as the ones which appear in this document
are based on nominal sea conditions. To reiterate, the theoretical work and CFM must be
expanded to accommodate for oceanic conditions – most of the theory is incipient in that it is
developed after simplification. Besides, the lab-scale experiments having been performed only
with salt must be scaled-up and performed with DO for stronger evidence. As none of the
theoretical and practical work done so far has been applied to marine waters, field measurements
are to be performed to validate CFM. The proof-of-concept is yet to be completed and its results
would be used in a future development phase to guide the design of a proposed field study site
demonstration. This includes determining specific locations and depths in the Gulf of Mexico to
install impellers, spacing between and run-time for each, energy loads, and cost effectiveness.
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